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Abstract 
 Hydrogenases (H2ases) provide microorganisms with hydrogen to be used as fuel for 
processes such a methanogenesis. The reversible hydrogen evolution reaction (HER) is catalyzed 
by anaerobic bacteria to expel hydrogen as a byproduct of photosynthesis. Hydrogen does not 
accumulate in our atmosphere because microorganisms consume it quickly in both aerobic and 
anaerobic environments. Hydrogen is therefore a commodity fuel for humans that spend many 
quadrillion BTUs of energy yearly. Currently, hydrogen is produced in industry via steam 
reforming of methane catalyzed by nickel in a non-thermoneutral process. To make hydrogen a 
suitable commercial fuel, earth-abundant metal catalysts that can mimic nature’s photosynthetic 
production of hydrogen are necessary. The study of the structure-function relationships of the 
active sites of H2ases is of great interest to achieve this goal. The H2ases use earth abundant 
metals (Ni and Fe) to catalyze the HER at fast rates. The study of model complexes allows for 
better understanding of the mechanism by which H2ases operate because these complexes can be 
thoroughly investigated crystallographically, spectroscopically, and electrochemically.  
 
 The NiFe-H2ases are proposed to catalyze hydrogen processing via paramagnetic and 
diamagnetic Ni(-H)Fe intermediates. The synthesis of Ni(-H)Fe tetraphosphine complexes 
that catalyze the HER is discussed here. The biomimetic catalysts are shown to operate via 
mixed-valence metal hydrides and non-hydride intermediates. Extensive NMR, EPR, IR, GC, 
and DFT analysis of the structure and reactivity of these Ni(-H)Fe  is shown to understand the 
reactivity of these model complexes. Additionally, the involvement of non-hydride mixed-
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valence complexes in biomimetic HER, suggests that the NiFe-H2ase may involve these states in 
biological HER catalysis.  
 The FeFe-H2ase has been shown to catalyze the HER via kinetic protonation of an 
azadithiolate cofactor. Extensive studies of model complexes and hybrid proteins have revealed 
the importance of the azadithiolate in catalyzing the HER with fast rates. Current synthesis of 
metal complexes containing azadithiolates gives low yields and requires difficult workups. Here, 
an improved method for the synthesis of these metal complexes is presented. Additionally, the 
study of S,N-heterocycles with Fe(0) carbonyls is investigated. These heterocycles are shown to 
be the decomposition of azadithiols, which elude isolation. This new methodology for 
incorporation of the azadithiolates is predicted to open a new series of optimizations to further 
improve the rates of the HER by H2ase model complexes.  
Lastly, the synthesis of CpFeNi complexes is investigated as a route to higher oxidation 
mixed-valence CpFe(III)Ni(II) complexes. Piano-stool FeCp(CO) complexes lead to stable 
mixed-valence CpFe(III)Ni(II). However, these complexes are coordinatively saturated and 
carbonyl-free FeCp reagents did not yield any CpFeNi complexes. Instead the thermodynamic 
products were always Ni dimers. These studies show the stabilizing effect of carbonyl ligands 
when other electron-rich ligands are present in bimetallic complexes.  
Multiple model complexes describing aspects of the active-sites of H2ases are presented 
here. Overall these studies demonstrate the importance of model complexes in understanding 
how H2ases function. Detailed spectroscopic, crystallographic, and electrochemical studies that 
cannot always be done on the enzymes are presented to better understand how the enzymes 
catalyze the HER.  
iv 
 
Acknowledgements 
I would like to dedicate this thesis to my siblings Denís and Leo. Thank you for your love 
and support, and I hope this helps you stay motivated in your studies. I want to thank my mom 
Alexandra and the rest of my family for helping me reach this goal, and for all their sacrifices. 
I want to thank Professor Tom Rauchfuss for his advice and for his generosity over the 
past years. A special thanks to my thesis committee members, Professors Girolami, Fout, and 
Zimmerman who I have enjoyed getting to know. Thank you to the Rauchfuss group for many 
helpful discussions, especially Dr. Maria Carroll and Dr. David Schilter. To the Artero group at 
CEA-Grenoble, thank you for being welcoming hosts and friends. Thank you to my collaborators 
in the Hammer-Schiffer group, and to all the support staff in the chemistry department, Dr. 
Lingyang Zhu, Dr. Danielle Gray, Dr. Jeffery Bertke, and Dr. Mark Nilges. To the women of the 
IMP office, Connie, Beth, Karen, and Theresa, I do not know where any of us would be without 
you, but for me specially thank you for you love and for cheering me on. To all my friends at the 
UIUC Chemistry department, thank you for making this a collaborative and fun environment to 
work in.  
Lastly, I want to thank my fiancé Dr. Christopher Letko. Your love, support and advice 
mean the world to me.   
 
 
 
v 
 
Table of Contents 
Glossary …………………………….………………………………………………………...... vi 
Chapter 1. Introduction to Hydrogenases and Efforts to Synthesizing Structural and Functional 
Model Complexes ………………………………………………. …………………………....….1 
Chapter 2. Synthesis and Characterization NiFe-tetraphosphine Complexes …………...…..    27 
Chapter 3. Reactivity of Mixed-Valence Ni(-H)Fe Complexes with Acids ……………….... 85 
Chapter 4. Synthesis of S,N-Heterocycles and Reactivity with Fe(0) Carbonyl Complexes 
………………………………………………….…………………………………………..…...136 
Chapter 5. Stability of Azadithiols, Synthesis of Ni(azadithiolate)dppe and of a Ni(-Cl)Fe 
complex with a pendant amine base.…………………………………………………..……… 167 
 Chapter 6. Cyclopentadienyl iron Models of the NiFe-H2ases ……………………...……… 193 
 
 
 
 
 
 
 
vi 
 
Glossary 
R
adt
2-
 azadithiolato, [
R
N(SCH2)2]
2- 
 
BAr
F
4 tetrakis(3,5-bis(trifluoromethyl)phenyl)borate, [B(C6H3(CF3)2)4]
-
 
BTU British thermal units, 1 BTU = 1.055056 KJ 
ClAA Chloroacetic acid, CClH2CO2H 
Cp
-
 cyclopentadienyl, [C5H5]
-
 
Cp*
- 
pentamethylcyclopentadienyl, [C5Me5]
- 
 
Cp
Me- 
methylcyclopentadienyl, [C5MeH4]
- 
 
dppBz 1,2-bis(diphenylphosphino)benzene, Ph2P(C6H4)PPh2 
dcpe 1,2-bis(dicyclohexylphosphino)ethane, Cy2PCH2CH2PCy2 
dppe 1,2-bis(diphenylphosphino)ethane, Ph2PC2H4PPh2  
dppv cis-1,2-bis(diphenylphosphino)ethane, cis-PPh2C2H2PPh2 
Fc
0/+
  Ferrocene/Ferrocenium couple, [Fe(C5H5)2]
0/+
 
Pdt
2-
 1,3-propanedithiolato, [S2C3H6]
2- 
Nbdt
2- 
1,2-norbornanedithiolato,[S2C7H12]
2-
  
TFA Trifluoracetic acid, CF3CO2H 
TOF Turnover frequency, mol H2 per mol of catalyst per second 
TON Turnover number, mol H2 per mol of catalyst  
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Chapter 1. Introduction to Hydrogenases and Efforts to Synthesizing 
Structural and Functional Model Complexes 
In 2010, the reported global energy consumption was 424 quadrillion BTU (447x10
15
 kJ). 
By 2040, this consumption is projected to increase by 56%.
1,2
 Our excessive use of energy 
mainly relies on combustion of non-renewable carbon-based fuels (coal, oil, natural gas).
1
 With 
projections predicting a demand of more than double the current use by mid-century research in 
renewable energy resources (solar, nuclear, and non-carbon-based fuels) has grown. Continued 
reliance on carbon-based fuels is not a suitable answer for the increasing demand of energy 
because these fuels produce carbon-dioxide upon combustion. Continued accumulation of CO2 in 
the earth’s atmosphere has been shown to be a primary contributor to the depletion of ozone, and 
subsequent increase of temperatures of the earth.
3-5
 Hydrogen is an appealing fuel for humans 
because its combustion is highly exothermic and water is the only byproduct which can be easily 
recaptured (eq 1.1).
6
  
 
Industrial production of hydrogen relies in steam reforming of methane or other 
hydrocarbons to produce hydrogen and carbon monoxide (reform gas). This reaction is always 
accompanies by the water-gas shift reaction, which yields carbon dioxide and more hydrogen 
(synthesis gas) (Eq 1.2-1.3).
7
 In industry hydrogen is primarily utilized for hydrogenation and 
ammonia production. 
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Steam reforming is a highly endothermic reaction catalyzed by Ni at 800-900 ºC using a 
Ni catalyst. Since this process is not thermoneutral, and would require that hydrogen be 
transported it is not the ideal solution for providing hydrogen for domestic settings.    
Microorganisms rely on hydrogen for energy in processes such as sulfate reduction, 
methanogenesis, and denitrification.
6,8,9
 These microorganisms utilize a family of enzymes 
known as hydrogenases (H2ases) to catalyze kinetically slow production (and oxidation) of 
hydrogen from electrons and protons (Eq 1.4).
10
 Two main types of hydrogenases found in 
nature are the NiFe- and FeFe-H2ases, which are aptly named based on the metals present in 
their active-sites (Figure 1.1). 
 
 
Figure 1.1. Structure of the active-sites of NiFe- and FeFe-H2ases 
 
Hydrogen in our atmosphere is mainly produced from cellulose as a waste product of 
photosynthesis by anaerobic bacteria, protozoa, fungi and algae utilizing H2ases.
11,12
 The FeFe-
H2ase is responsible for the majority of hydrogen production with rates of 6000 – 9000 mol of H2 
per mole of H2ase per second at 30 ºC (Table 1.1).
9
 Hydrogen oxidation to two protons and two 
electrons (Eq 1.4) is mainly catalyzed by NiFe-H2ases because these exhibit an affinity for 
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hydrogen that is 100 times higher than with FeFe- H2ases.
8,9
 The NiFe-H2ases oxidize (and 
produce) hydrogen at rates of 700 mol of H2 per mole of H2ase at 30 ºC (Table 1.1).
8,11
  
Table 1.1. Catalytic activity of hydrogenases  
Catalytic process [NiFe]-H2ase [FeFe]-H2ase 
H2 production 700 6000-9000 
H2 oxidation 700 28000 
Rates quoted as H2 per mole of H2ase per second at 30 ºC under  
 
Hydrogen is a precious commodity for humans in need of energy (electrons). Somewhat 
ironically, fermentative bacteria dispose of ~ 0.3 GT of hydrogen annually during photosynthesis 
in wetlands.
12
 This waste product does not accumulate or reach the surface of wetland because 
other organisms can uptake it quickly. This exchange of hydrogen occurs in environments 
varying greatly in redox potentials (anaerobic versus aerobic environments) (Figure 1.2).
6
 The 
lesson to be learned from this symbiosis is that hydrogen can be produced (and oxidized) at high 
rates and on demand by species employing abundant metals. 
10,12
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Figure 1.2. Representation of hydrogen ecosystem involving various bacteria and oxidized 
substrates.  Hydrogen gradient (represented by thickness of arrows) decreases from anaerobic to 
aerobic environments. Potentials are indicated versus SHE at pH 7. 
  
 The implementation of hydrogen as a commercial fuel is not without challenges. A new 
infrastructure would be necessary to replace the use of carbon-based fuels in domestic and 
industrial settings.
1,2
 Storage and transportation of hydrogen are also problematic because of 
costs and safety. Most importantly, the low accumulation of hydrogen in our atmosphere, as 
discussed above, mandates that hydrogen be produced on demand.
1
 An attractive solution to 
these challenges is the use of a photoelectrochemical cell to produce hydrogen on demand from 
the products of water splitting.
13
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Obtaining energy from the sun is done efficiently every day during photosynthesis in 
plants, in which hydrogenases participate to produce hydrogen from the byproducts of water 
oxidation. The duplication of this system to overcome our global hydrogen shortage in a 
sustainable way is an ambitious goal (Figure 1.3).  Mimicking this system would require earth-
abundant catalysts that can split water by using photons into oxygen, protons, and electrons. 
While a second catalyst  would be required for the recombination of the protons and electrons 
into hydrogen.
13
  
 
Figure 1.3. Representation of a photochemical water splitting and hydrogen production system 
inspired by the photosystems (PS I and PSII). OEC = oxygen-evolving complex, H2ase = 
hydrogenase.  
 
Considerable work is being done to synthesize catalysts that mimic the high activity of 
both sides of the photosystem in Figure 1.3. Some groups, such as the Nocera and Ogo group, 
have shown that the two half-reactions can be catalyzed by first-row metals with mixed success 
in photoelectrochemical
14,15
 and electrochemical
16
 cells. In the research presented here, the focus 
is on understanding the structure-function relationships of the hydrogenases by studying small-
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molecules that mimic the active-sites of the enzymes. The study of the mimics via spectroscopy 
and other experimental techniques can provide direct insight into how the enzymes catalyze this 
important reaction. By modeling the hydrogenases abilities to recombine protons and electrons 
we hope to further the goals of an artificial photosystem that can be used to produce hydrogen on 
demand from water. 
Crystallographic and Spectroscopic Characterization of Hydrogenases of NiFe-H2ases 
The structure of the archetypal Desulfovibrio gigas (D. gigas) NiFe Hydrogenase enzyme 
was crystallographically characterized by Fontecilla-Camps and coworkers (Figure 1.4).
17-19
 The 
protein structure consists of a large subunit (63 kDa) and a small subunit (26 kDa).
9,18
 The large 
subunit contains the active-site where hydrogen processing takes place. The active-site has a Ni 
and a Fe center bridged by two cysteinate ligands, and in some cases a third bridging ligand (OH
-
, H
-
, O2H).
20
 The Ni center has two additional terminal cysteinate ligands that tether the active-
site to the protein scaffold. The Fe center is also ligated by two CN and one CO ligands. The 
small subunit consists of three iron-sulfur clusters, one of these being 6.1Å away from the Ni 
center (S – Ni distance) of the active-site. The states of the enzyme are characterized based on 
the oxidation state of the Ni center and the presence of additional bridging. 
19,21
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Figure 1.4. Overall structure of the large and small subunits of D. gigas NiFe-H2ase. Highlighted 
are the Fe4S4 clusters of the small subunit, and the active-site of the large subunit (in an oxidized 
state). Orange atoms = Fe, green = Ni, yellow = S, red = oxygen, blue = N. Figure prepared 
using the RSCB PDB protein-workshop (PDB-ID: 2FRV).  
 
 The crystallographically characterized state shown in Figure 1.4 does not exhibit 
catalytic activity because it is oxidized, either by an oxo (as shown) or a hydroxo. Upon 
reduction with hydrogen or electrochemically, catalytically active states of the enzyme are 
obtained (Scheme 1.1).
20,22
 EPR techniques,
20,23
 DFT calculations,
24,25
 and infrared 
spectroscopy,
26
 have been examined to elucidate the mechanism by which the NiFe-H2ase 
process hydrogen. Crystallographic data published to date of states believed to be involved in the 
catalytic do not have sufficiently high resolution to confirm the presence of hydrogen species on 
the active-site. An unpublished structure of the Ni-ready (Ni-R) state has been quoted in a recent 
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review by Lubitz and coworkers, in which the high resolution structure (0.89 Å) allowed for the 
identification of the bridging hydride ligand.
20
 
 
 
Scheme 1.1.  States of the NiFe-H2ase active-site that have been identified by crystallography or 
spectroscopic and electrochemical techniques 
 
 Direct evidence has been provided by ENDOR EPR and corroborated by DFT studies 
that identified the bridging hydride (Ni(-H)Fe), and a nearby protonated cysteinate in the Ni-C 
state of NiFe-H2ase.
27-29
 The Ni-R state of the enzyme has been shown by stopped-flow infrared 
studies to be the only state in equilibrium with Ni-C, indicating that the hydrido ligand is still 
present.
30,31
 The Ni-C state of the enzyme was also shown to be the hydrogen reduced product of 
a Ni(II)Fe(II) state (Ni-Si), which has also been well characterized by spectroscopic 
methods.
20,31,32
 The last state depicted in scheme 1.1 (Ni-L) has been controversial because it 
forms upon light irradiation of Ni-C. Irradiation causes a loss of the bridging hydrido as a proton 
to a nearby cysteinate, and reduction of Ni(III) to Ni(I).
29,33
 Some researchers have proposed that 
Ni-L (L = light) may be involved in the catalytic cycle of hydrogen processing by hydrogenases 
since it contains a metal-metal bond that acts as a base.
33
 Multiple small molecule complexes 
have been reported to attempt to mimic the active-site of NiFe-H2ases, and moderate catalytic 
activity has been reported.
16,20,32
 A review of the efforts to synthesize small-molecule mimic of 
NiFe-H2ase is shown next.  
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Ni complexes as building blocks for NiFe-H2ases  
 In the NiFe-H2ase hydrogenases the protein scaffold provides a thermodynamically 
effective way to ligate the Ni and Fe centers by utilizing cysteinates.
17,18
 The challenge for 
researchers looking to model the structure-function relationships of the active site is to achieve 
the same thermodynamic stability without the protein scaffold. To this end many NiL2L’2  
complexes (L = thiolate, phosphine;  L’ = thiolate, amine, phosphine, thioether) have been 
studied as precursors to NiFe complexes.
34
  Here, a short review of these complexes is presented 
to highlight the success and challenges that have been reported so far.  
Homoleptic [Ni(SR)4 ]
2-/-
 Complexes (SR
-
 = thiolate) 
Nickel tetrathiolate complexes, [Ni(SR)4 ]
2-/-
,
  
are obvious choices for the synthesis of NiFe 
complexes, because they can most closely model the [Ni(Cys4)]
-/2- 
structure seen in the enzyme. 
The tetrathiolate environment is proposed to serve dual purpose, stabilization of high-oxidation  
Ni states, and provision of a basic site in the first coordination sphere of the metals (Scheme 
1.1).
20
 With exception of monometallic [Ni(SPh)4]
2- 
and [Ni(S2-o-oxyl)2]
-/2-
, the Ni(II) complexes 
exhibit square planar geometry.
35-37
 The structure of Ni-tetrathiolates with alkyl-thiolates is 
dominated by edged-linked polynuclear complexes.
37
 All species, monometallic and polynuclear 
can be prepared under mild conditions by treating nickel chloride with alkali metal salts of the 
dithiolate. The nuclearity of the complexes depends on the ratio of the reactants.
37
 Although 
some monometallic complexes with small bite-angles thiolates such as [Ni(edt)2]
2-
 can be 
isolated, these convert to polynuclear species, like  [Ni2(edt)3]
2-
 by loss of a ligand
 
even in non-
polar solvents.
38
 The most outstanding exception to this polynuclear arrangement is the sterically 
stabilized [Ni(nbdt)2]
-/2- 
complexes (nbdt = norbornanedithiolate). 
34,39
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 Figure 1.5. Active-sit of  NiFe-H2ase and examples of all classes of Ni(SR)4
2- 
complexes that 
have been crystallographically characterized. 
 
 The reactivity of the monometallic [Ni(nbdt)2]
-/2-
 with FeI2(CO)4 was described by 
Tatsumi and coworkers. 
34
 Low yields of  [(CO)3Fe]2Ni(nbdt) and  Ni3(nbdt)4 FeI were isolated. 
In [(CO)3Fe]2Ni(nbdt)2  (1) the inversion center present in the [Ni(nbdt)2]
-
 is lost, and the 
previously exo/exo dithiolates are in an exo/endo arrangement in the trinuclear species.
39
 
Findings suggest that at least one Ni-S bonds is broken during the reaction. Additionally, redox 
is required to generate Fe
I
2Ni
II
 and Ni
II
3Fe
III
 species from divalent precursors. The Ni3(nbdt)4FeI  
complex is an example of the [Ni3(S2R)2]
2-
 (S2R = chelator) arrangement that has been well 
documented by Holm and coworkers, albeit ligated to an Fe center (Scheme 1.2).
37
 No catalytic 
activity has been reported for these complexes. 
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Scheme 1.2. Reactivity of [Ni(nbdt)2]
2- 
with Fe(II) carbonyls. Fe(nbdt)(CO)2 was not isolated 
and is shown to balance the reaction. 
 
NiFe(trithiolate) Complexes from Fe(dithiolates) and Ni(thiolates) 
Fe(dithiolate) complexes have been useful building blocks for the synthesis of 
NiFe(trithiolate) complexes. Reaction of Ni(PPh3)Br(dithiodicarbamate) with  Fe(pdt) 
(CO)2(CN)2 resulted in the formation of complex 4, which shows a Ni(SR)2(S2CNR2) 
environment.
40
 Additionally, the dinuclear complex [Fe(CO)2{S(C6H4)S(C6H4)S}]2 can be 
treated with Ni(PPh3)(benzenedithiolate) to produce complex 5 (and a mixture of other 
products), which shows a Ni(SR)2(S2R) environment.
34
 In both of these complexes the Fe center 
is coordinately saturated, and not reactivity with acids was discussed.  What is interesting about 
the synthesis of these complexes is that phosphines are used a leaving groups to introduce 
different thiolates to the Ni center.  
12 
 
 
Scheme 1.3. Examples of NiFe complexes with trithiolate environments around the Ni center 
 
Multidentate Ni(SR2L2)  complexes (L = thioether, amine) Complexes 
  As shown above, [Ni(SR)4]
2- 
complexes  have  labile ligands and form polynuclear 
complexes that deter from their use for NiFe-H2ase modeling. To inhibit ligand dissociation, the 
use of multidentate ligands containing two or three thiolates have been investigated for 
complexation with Fe.
34,41,42
 Bouwman and coworkers initially reported the synthesis of several 
nickel dithiolate dithioester complexes, Ni(SR)2(SR2)2 (SR2 = thioether), and their reactivity with 
Fe(0)-carbonyls, FeCl2, and FeI2(CO)4 complexes .
43,44
 After their report and additional example 
by the Artero group was reported  utilizing FeCp(CO)2THF as the Fe source, 6 (Figure 1.6).
42
 
Additionally, the reactivity of Ni(SR)2(diamine) complexes with Fe complexes was investigated 
by the Bouwman and Darensbourg groups (7- 8).
45,46
 The examples given have been 
crystallographically characterized.  
13 
 
 
Figure 1.6. Examples of crystallographically characterized NiFe complexes prepared from 
reactions of Ni(SR)2L2 ( L = amine, thioether) complexes.
44
     
 
 The only catalytic activity that has been reported for complexes 6-8 has been for complex 
6, which shows low catalytic activity. The coordinative saturated Fe center is proposed to be the 
cause of the slow rates observed for 6 during proton reduction. 
47
 Complexes 7 and 8 are 
structurally very different although they both arise from Ni(SR)2(amine)2 reagents with 
Fe3(CO)9.
 
The dimerization
 
seen in 8
 
suggests that the rigidity of the tetradentate ligand dictates 
the product formation. The most successful example utilizing a Ni(SR)2(diamine) complex was 
complex  9.
48
 This complex was shown to heterolytically split hydrogen in the presence of a 
base, and transfer a hydride to a variety of substrates including protons.  
Ni(SR)2(diphosphine) Complexes  
 The use of phosphines in place of terminal thiolates on Ni has been one of the most 
successful routes to isolable NiFe complexes. In 2005, Schroder and coworkers showed that 
Ni(pdt)dppe reacts with various Fe(II) reagents to give various NiFe complexes in moderate 
yields.
49
 The reactivity of  Ni(pdt)dppe with Fe(0) carbonyls,
49,50
 and later Fe(II) carbonyls,
51
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was described by the Rauchfuss group to be a clean route to Ni(I)Fe(I) complexes (10). 
Protonation of these Ni(I)Fe(I) complexes led to the first Ni(-H)Fe (11), which modeled aspects 
of the structure of the Ni-R state of NiFe-H2ase. The versatility of this synthesis allowed for a 
variety of ligand substitution and their effect in proton reduction catalysis (Scheme 1.4). 
Additionally, reaction of Ni(pdt)dppe with Fe(Cp)(CO)2I produced the NiFe complex 12 along 
with a Ni2 dimer.
49
 Reactivity with acids was not reported for complex 12. The reactivity of this 
complex with acid is discussed in Chapter 6 of this thesis.    
 
Scheme 1.4. Synthesis of NiFe complexes containing phosphine ligands as surrogates for 
terminal thiolates. 
 
 The mechanism by which complexes like complex 11 catalyze the hydrogen evolution 
reaction is a major theme in this thesis. Chapters 2-3 discuss the synthesis, characterization, and 
reactivity with acids of diamagnetic and paramagnetic Ni(-H)Fe complexes. Although 
phosphines are utilized in the place of terminal thiolates and cyanides, the study of these 
complexes is an important tool in helping understand the mechanism for hydrogen production by 
NiFe-H2ase.   Model complexes allow for detailed discussions of structure effects on reactivity 
15 
 
with acids to produce hydrogen, which is an advantage over studying protein active site in-vivo. 
Multiple challenges arise when synthesizing model complexes, ligand dissociation, 
oligomerization, and thermodynamic sinks are some that have been highlighted in this section. In 
spite of these challenges, the combined understanding of protein active-sites and the study of 
model complexes has greatly advanced the understanding of the function-structure relations for 
catalytic hydrogen production. 
Crystallographic and Spectroscopic Characterization of Hydrogenases of FeFe-H2ases 
 Two FeFe-H2ase enzymes were crystallographically characterized in 1998 and 1999. 
52,53
 
These structures consisted of a chain of FeS clusters leading to a FeFe active-site called the H-
cluster. One Fe site of the H-cluster was found in an octahedral arrangement ligated by two CN, 
one CO, and a Fe4S4 via a cysteinate ligand. This Fe center is known as the proximal-Fe because 
it is ligated to the Fe4S4 cluster. The second Fe site, known as the distal-Fe, was ligated by two 
CN and one semi-bridging CO, which gave the Fe a rotated-structure opening a coordination site 
for substrate ligation. The Fe cites of the H-cluster are ligated by an azadithiolate ligand that is 
independent of the protein scaffold (Figure 1.7). 
16 
 
 
Figure 1.7. Overall structure of Desulfovibrio desulfurican FeFe-H2ase. Highlighted are the 
Fe4S4 clusters and the H-cluster (H-Ox). Orange atoms = Fe, yellow = S, red = oxygen, blue = N. 
Figure prepared using the RSCB PDB protein-workshop (PDB-ID: 1HFe, and 1FeH). 
  
In addition to the oxidized state (H-Ox)  shown in Figure 1.8, a reduced state (H-Red) has 
been crystallographically and spectroscopically characterized for FeFe-H2ase. The H-red state is 
diamagnetic with Fe(I)Fe(I) oxidation states. The H-Ox state is paramagnetic and exhibits 
Fe(II)Fe(I) oxidation states at the H-Cluster. 
20,22,54
  The mechanism by which these states 
process hydrogen has been proposed based on DFT analysis, spectroscopy, and studies of model 
complexes (Scheme 1.5).
20,55
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Scheme 1.5. Proposed mechanism for hydrogen production (clock-wise) and hydrogen oxidation 
(counter clock-wise) by FeFe-H2ase. Adapted from references
20,55
 
 
The most important structure-function relationships relevant to the work presented in this 
thesis is the kinetic site for protonation of the H-cluster, the azadithiolate cofactor. The 
assignment of this cofactor and its incorporation in model complexes will be the focus of the 
remained of this chapter. The bridging azadithiolate was previously  proposed,
56
 now 
confirmed,
57
 to be the site of protonation for the H-cluster. This bridging ligand was previously 
debated to be an oxo- or propanedithiolate in addition to an azadithiolate since crystallography 
cannot differentiate between the three. 
14
N hyscore EPR studies provided strong evidence that 
supported the azadithiolate assignment. The study showed three types of nitrogen atoms to be 
present in the H-Cluster, and by using collaborative DFT studies one of these atoms was 
assigned to be for the bridging atom (another for CN, and the last for a lysine).
58
 
 Further support of the azadithiolate assignment was provided by model complexes of the 
H-cluster, which showed increased catalytic activity when compared to models containing oxo- 
18 
 
or propanedithiolates (Figure 1.8).
59-61
 The most conclusive evidence to support the azadithiolate 
cofactor assignment in the H-cluster came in 2013 from the synthesis and maturation of a hybrid 
FeFe-H2ase protein. The hybrid proteins were prepared by uptake of FeFe model complexes 
containing  aza-, oxo- and propanedithiolate. This study showed that only the hybrid protein 
containing an azadithiolate could be activated, and could catalytically produce hydrogen like the 
native FeFe-H2ase.
57
  
 
Figure 1.8. Diiron complexes previously proposed to contain the true bridging dithiolate ligand 
of FeFe-H2ase.  
 
Synthesis of FeFe-H2ase models containing the Azadithiolate cofactor 
 The mechanism by which FeFe-H2ases catalyze the reversible production of hydrogen 
from protons and electrons is much better understood than for NiFe-H2ases. Model complexes of 
the FeFe-H2ase have been instrumental in describing this mechanism. The synthesis of FeFe 
complexes with propanedithiolate is relatively simple. The complex Fe2(-pdt)(CO)6  can be 
easily prepared by reacting pdtH2 with Fe(0) carbonyl complexes.
62
 Due to its simplicity 
researchers have been able to synthesize a plethora of Fe2(-pdt)(CO)n (n = 2-6) complexes.
63
 In 
contrast, incorporation of the azadithiolate ligand in model complexes requires intricate 
syntheses. As shown above, the azadithiolate cofactor is essential to achieve fast rates of 
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catalysis in model complexes, and any activity in hybrid proteins. This has therefore, been the 
motivation to find a simple route to the synthesis of  Fe2 with these necessary pendant base.  
 Unlike propanedithiol (pdtH2) and other alkyldithiols, azadithiols (
R
AdtH2) are not 
isolable. Azadithiols are formally derived from CH2O, amine, and H2S but the dithiol is never 
observed from this reaction and instead cyclic compounds are seen.
64,65
 Synthesis of FeFe 
complexes with azadithiolate are therefore currently done by directly assembling the 
azadithiolate on a Fe2 complex. The first such complex was reported in 2001 by Rauchfuss and 
coworkers via functionalization of Li2Fe2S2(CO)6  with bis(chloromethylamine) to yield 50 % 
Fe2(
Me
adt)(CO)6 (Scheme 1.6, route A).
66
  
 
Scheme 1.6. Indirect methods for functionalization of  FeFe carbonyls
  
with
 R
adt
2- 
 ligands. 
 Although Fe2(
Me
adt)(CO)6  was obtained in moderate yields, the synthesis of the 
Li2Fe2S2(CO)6  precursor is complex and low yielding.
61,67
 An alternative method to synthesizing 
Fe2(adt)(CO)6 involves utilizing “
R
adt-transfer” agents synthesized from Ti(MeCp)2(SH)2 and 
triazines.
68
 This adt-transfer agent was successfully used to transfer 
Me
adt
2-
 to FeBDA(CO)3 
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(BDA = benzylidineacteone), which dimerizes to produce  42 % of Fe2(
Ph
adt)(CO)6 (Scheme 1.6, 
route B). However,  the use of this transfer agent could not be generalized to other 
R
adt
2-
. The 
most versatile method for synthesis of Fe2(
R
adt)(CO)6 is shown in scheme 1.6, route C. This 
method utilizes the same Li2Fe2S2(CO)6  as method A, and either triazines or hexamethylene 
tetramine to obtain 
R
adt
2-
. 
61,64
 The best reported yield for method C is 38% with 
H
adt
2- 
(R = H, 
alkyl, aryl). 
 The Dubois group showed that the concept of the pendant amine base could be adapted 
by functionalizing nickel reagents with aza- diphosphacycloheptane (Figure 1.9). These Ni 
complexes successfully model the activity, without the structure, of the FeFe-H2ases and achieve 
high rates of catalysis.
69
 The fastest biomimetic FeFe(
H
adt) complex was synthesized by the 
Rauchfuss group by substitution of two diphosphines onto Fe2(
H
adt)(CO)6 (Figure 1.9).  In both 
the Ni and FeFe complexes the key intermediate for obtain fast rates of hydrogen production is 
one in which the protonated amine and the metal hydride within bonding distance. 
 In the FeFe-H2ase the H-H bond formation is believed to occur solely on  the distal-Fe 
center, as shown in Figure 1.9. The function of the proximal-Fe site is to receive electrons from 
the Fe4S4 clusters. This feature was modeled previously by the functionalization of FeFe(
R
adt) 
complexes with Fe(Cp*)2 on one Fe-site (Figure 1.9).
70,71
 The same complex was also shown to 
catalytically produce and oxidate  hydrogen.
72
 Covalently linking an electron relay improved the 
catalytic activity only slightly relative to a complex containing the azadithiolate. These electron-
relay studies suggest that the H-H bond forming ability of model complexes is the most 
important step in facilitating hydrogen production. 
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Figure 1.9. Model complexes for the structure and function of FeFe-H2ases 
Extensive research of model complexes and hybrid proteins has cemented the importance 
of the azadithiolate cofactor in the catalytic cycle of hydrogen production by FeFe-H2ases. The 
challenge in going forward is to develop routes to facilitate the incorporation of azadithiolates in 
metal complexes. As will be discussed in chapters 4 and 5, attempts to isolate azadithiols were 
with mixed success. In those studies it is shown that the basicity of the amine plays a role in the 
stability of azadithiols. The cyclization of azadithiols is shown to be a route for their 
decomposition. Lastly, a method for trapping basic azadithiolates with metal complex prior to 
decomposition is shown.  
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Chapter 2. Synthesis and Characterization NiFe-tetraphosphine Complexes 
Introduction 
The characterization of the active sites of NiFe-
1,2
 and FeFe-hydrogenase
3,4
 (H2ases) 
sparked the synthesis and study of many low molecular weight models.
5,6
 Crystallographic 
data,
1,2
 EPR techniques,
7,8
 DFT calculations,
9,10
 and infrared spectroscopy,
6
 have been examined 
to elucidate how these enzymes operate (Scheme 2.1). Furthermore, the prospect exists that 
models might lead to useful catalysts, either for hydrogen-based fuel cells or for other kinds of 
reactions involving hydrogenic substrates.  Scheme 2.1 depicts to most widely accepted, and 
investigated, mechanism by which NiFe-H2ases function.   
 
Scheme 2.1. Proposed mechanism for hydrogen processing by the active-site of NiFe-H2ases  
 
In recent years a variety of [L2Ni(-dithiolate)FeL’4]
n
 (L = amine, diphosphine, thioether; 
L’ = CO, CN, R3BNC, PR3) complexes have been synthesized to model the active-site of NiFe-
H2ases with focus on various aspects of the structure.
11-16
 In 2010 - 2011 the Rauchfuss group 
published the synthesis of [(diphosphine)Ni(-dithiolate)(-H)Fe(CO)2L]
+
  (L = CO, PR3) 
complexes containing bridging hydride ligands (Scheme 2.2).
16
 These complexes were notable as 
the first inclusion of a hydride ligand, which had been confirmed to be present in the catalytically 
important states of the enzyme active site. Crystallographic data published to date of the Ni-C 
and Ni-R states of hydrogenases is not of sufficiently high resolution to confirm the presence of 
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hydrogen species on the active-site of the enzyme. However, direct evidence has been provided 
by ENDOR EPR and other spectroscopic data that shows the presence of a bridging hydrido 
(Ni(-H)Fe) and a nearby protonated cysteinate in Ni-C.17-19 The Ni-ready (Ni-R) state of the 
enzyme has been shown by stopped-flow infrared studies to be the only state in equilibrium with 
Ni-C, indicating that the hydrido ligand is still present.
20,21
 The Ni-C state of the enzyme was 
shown to be the hydrogen reduced product of a Ni(II)Fe(II) state (Ni-Si), which has also been 
well characterized by spectroscopic methods.
8,21,22
 Thanks to the spectroscopic and DFT studies 
of many research groups the first three states of hydrogenases shown scheme 2.1 (Ni-Si, Ni-R, 
and Ni-C) have been shown in direct involvement with hydrogen processing. The last state 
depicted in scheme 2.1 (Ni-L) has been controversial because it forms upon light irradiation of 
Ni-C. Irradiation causes a loss of the bridging hydrido as a proton to a nearby cysteinate, and 
reduction of Ni(III) to Ni(I).
19,23
 Some researchers have proposed that Ni-L (L = light) can be 
involved in the catalytic cycle of hydrogen processing by hydrogenases since it contains a metal-
metal bond that acts as a base.
23
 
Previously Reported Ni(-H)Fe Complexes 
The synthesis of [(diphosphine)Ni(-dithiolate)(-H)Fe(CO)3]
+
 complexes are shown in 
scheme 2.2.
13,16,24
 These complexes were shown to catalytically reduce weak acids to form 
hydrogen in cyclic voltammetry experiments at rates ranging from 20 to 310 s
-1
.
13
  
 
Scheme 2.2. Synthesis of [(diphosphine)Ni(-dithiolate)(-H)Fe(CO)3]
+
  complexes.  
29 
 
 In this chapter the synthesis of new NiFe complexes containing a chelating phosphine 
ligand on both metal centers is described. Additionally, the isolation of mixed-valence products, 
either by oxidation or reduction, of the tetraphosphine complexes is investigated (Chapter 3). 
The motivation for this project came from observations made in the reports of 
[(diphosphine)Ni(-dithiolate)(-H)Fe(CO)2L]
+
  (L = CO, PR3) complexes, in which increasing 
the electron density of the complexes resulted in improved rates of catalytic hydrogen 
production.
13,16
 It is hypothesized that Ni(-H)Fe tetraphosphine complexes would further 
improve those rates.  Additionally, the chemical and electrochemical oxidations of these Ni(-
H)Fe tetraphosphine complexes as routes to model the paramagnetic states of NiFe-H2ases. In 
this chapter show the synthesis of these tetraphosphine complexes, as well as their 
characterization by NMR, FTIR, and crystallography. The electrochemical studies, EPR, and 
mechanistic studies are discussed in chapter 3 of this dissertation.  
Synthesis of tetraphosphine NiFe complexes by CO substitution 
Substitution of two CO ligands of [(dppe)Ni(-pdt)(-H)Fe(CO)3]BF4 with dppe to yield 
[(dppe)Ni(-pdt)(-H)Fe(dppe)(CO)]BF4, [H1]BF4 was previously achieved through refluxing 
of the reagents in THF, followed by precipitation with hexanes.
25
 Upon failed attempts to 
reproduce this synthesis as reported, the procedure was modified to a procedure involving 
photolysis of the [(dppe)Ni(-pdt)(-H)Fe(CO)3]BF4 with dppe for 20 h in THF, followed by 
purification through silica chromatography. Photolysis for greater than 4 h resulted in complete 
consumption of the starting material, but an unknown product was observed in the 
31
P{
1
H} NMR 
spectrum at 45 ppm. This unknown product required longer reaction times to be consumed, and 
could not be separated from the desired product by chromatography. Since there was only one 
resonance observed for this unknown product it is proposed to be a symmetrical intermediate in 
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which one dppe ligands bridges two [(dppe)Ni(-pdt)(-H)Fe(CO)2]
+ 
molecules (Scheme 2.3). 
Additionally, when the more rigid diphosphine dppBz was used in place of dppe, this 
intermediate was not observed and the photolysis was halted after 5 h.  
 
Scheme 2.3. Substitution of [(dppe)Ni(-pdt)(-H)Fe(CO)3]
+ 
with dppe via a proposed dimeric 
intermediate.  
 
The [(dppe)Ni(-pdt)(-H)Fe(dppe)(CO)]BArF4 ([H1]BAr
F
4) , and  [(dppe)Ni (-H)(-
pdt)Fe(dppBz)(CO)]BAr
F
4 ([H2]BAr
F
4) complexes  both exist as a mixtures of isomers in which 
there are multiple conformations about the Fe center (Scheme 2.3).   The 
31
P{
1
H} and 
1
H NMR 
spectra show that in solution at 20 ºC, [H1]
+
 and [H2]
+
 exist as symmetrical and unsymmetrical 
isomers in a ratio of 1:0.7 and 1:0.5, respectively. In the symmetrical isomer, the CO ligand is 
trans to the hydride ligand (Figure 2.1). Conversely, in the unsymmetrical isomer a phosphine is 
trans to the hydride ligand. The 
31
P{
1
H} NMR spectra indicate that the Ni(diphosphine) has two 
equivalent phosphorus atoms per isomer on the NMR time-scale. The Ni center was therefore 
assigned to be square planar. It will be shown below by crystallographical characterization of 
one of the isomers that the nickel is actually distorted. Nonetheless, the average symmetry of the 
Ni(diphosphine) in solution creates a mirror plane through the symmetrical isomer. 
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Figure 2.1. Symmetrical isomer of [H1]
+
/[H2]
+ 
with depiction of plane of symmetry parallel to 
paper (left), and the two enantiomers of the unsymmetrical isomer of [H1]
+
/[H2]
+ 
(right). The 
backbone of the iron diphosphine ligand is depicted as an arc for clarity. 
 
Consistent with the depictions in Figure 2.1, the 
31
P{
1
H} NMR spectrum of [H1]BAr
F
4
 
shows two signals for the symmetrical 
 
isomer in a 1:1 ratio, and three for the unsymmetrical 
isomer in a 1:1:2 ratio (Figure 2.2). The Fe(dppe) phosphine signals versus the Ni(dppe) 
phosphine signals were tentatively assigned by comparison to those of  [(dppe)Ni(-pdt)(-
H)Fe(CO)3]
+ (δ 71).16 Later, it will be shown that these signals can be definitively assigned by 
examination of the 
31
P{
1
H} NMR data of the 
57
Fe-labeled complexes, which show clear 
57
Fe-P 
coupling.   
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Figure 2.2. 
31
P{
1
H} NMR spectrum (202.3 MHz, CD2Cl2, 20 °C) of [(dppe)Ni
II
(-H)(-
pdt)Fe
II
(dppe)(CO)]BAr
F
4 ([H1]BAr
F
4). # and * denote the Fe(dppe) signals for symmetrical and 
unsymmetrical isomer, respectively. ## and ** denote the Ni(dppe) signals for symmetrical and 
unsymmetrical isomer, respectively. The signals at δ85.7 are for [HFe(CO)(dppe)2]
+
, see text.  
 
The 
1
H NMR spectrum of [H1]BAr
F
4
 
shows two signals in the upfield region 
corresponding to the hydride ligands. Strong coupling of the phosphorus to the hydrido ligands is 
observed, with JPH coupling constants of 33.2 and 37.6 Hz for the symmetrical and 
unsymmetrical isomers respectively (Figure 2.3).  
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Figure 2.3. High-field 
1
H NMR spectrum (500 MHz, CD2Cl2, 20 °C) of [(dppe)Ni
II
(-H)(-
pdt)Fe
II
(dppe)(CO)]BAr
F
4 ([H1]BAr
F
4). # and * denote the symmetrical and unsymmetrical 
isomer respectively.  The signal at δ – 7.84 are for [HFe(CO)(dppe)2]
+
, see text. 
 
Photolysis of [(dppe)Ni(-pdt)(-H)Fe(CO)3]BAr
F
4
 
with dppe leads to formation of 
[HFe(dppe)2CO]
+ 
in addition to the desired [H1]BAr
F
4. This species was first identified by 
1
H 
NMR spectrum which contains a pentet at δ – 7.84 ppm (JPH = 47.65 Hz) in CH2Cl2. This upfield 
signal has been matched to a doublet in the 
31
P{
1
H} spectrum at  δ 85.67 and 85.72 ppm 
corresponding to four phosphorus atoms. The ESI MS spectrum of the products confirmed the 
presence of both [H1]
+
 and [HFe(dppe)2CO]
+
 (Figure 2.4). Literature reports for trans-
[HFe(dppe)2CO]OTf  show a singlet at 84.8 ppm of the 
31
P{
1
H} spectrum, and a pentet at  
δ – 7.74 ppm (JPH = 47.1Hz) in the 
1
H NMR.
26
 Due to the inequivalent phosphorus resonances 
seen in the 
31
P{
1
H} it is possible that cis-[HFe(dppe)2CO]BAr
F
4 is present here.  
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Figure 2.4. Low resolution ESI-MS spectrum of the products of photolysis of [(dppe)Ni(-
pdt)(-H)Fe(CO)3]BAr
F
4
 
with dppe in THF, [H1]
+  
(right)
 
and cis-[HFe(dppe)2CO]
+
 (left). 
 
The synthesis of [H2]BAr
F
4  was investigated because separation of [H1]BAr
F
4  from 
impurities formed in its synthesis could not be achieved. The 
1
H and 
31
P{
1
H} NMR spectra for 
the isomers of [H2]BAr
F
4 are analogous to those of [H1]BAr
F
4 (Figure 2.5 - 2.6).  The JPH 
couplings observed for the hydride ligands are of almost identical magnitude to those of 
[H1]BAr
F
4 at 33.3 and 36.3 Hz for the for the symmetrical and unsymmetrical isomers, 
respectively. The unlabeled signals in the 
1
H and 
31
P{
1
H} NMR of  [H2]BAr
F
4 (Figure 2.5 -2.6) 
are proposed to be isomers in which the diphosphine ligands have rearranged to generate isomers 
with  Ni(dppBz) and Fe(dppe) sites. The integrations of the phosphorus resonances of these 
minor species have the same 1:1 and 1:1:2 ratios of the symmetrical and unsymmetrical isomers 
of [H2]BAr
F
4 respectively. These minor isomers are not observed for complexes in which the 
diphosphine on both metals are the same ([H1]
+
 and [H3]
+
). 
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Figure 2.5. High-field 
1
H NMR spectrum (500 MHz, CD2Cl2) of [(dppe)Ni
II
(-H)(-
pdt)Fe
II
(dppBz)(CO)]BAr
F
4 ([H2]BAr
F
4). # and * denote the symmetrical and unsymmetrical 
isomer respectively.   
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Figure 2.6.
 31
P{
1
H} NMR spectrum (202.3 MHz, CD2Cl2) of [(dppe)Ni
II
(-H)( -
pdt)Fe
II
(dppBz)(CO)]BAr
F
4 ([H2]BAr
F
4). #  and * denote the  signals due to Fe(dppBz) for the 
symmetrical and unsymmetrical isomers respectively. ##  and ** denote the signals due to 
Ni(dppe) for symmetrical and unsymmetrical isomers respectively.   
 
A 
2
D 
31
P-
1
H gHMBC NMR spectrum of [H2]BAr
F
4 in CD2Cl2 allowed the definitive 
matching of the isomer hydrido shifts with that of the phosphine signals of [H2]BAr
F
4 (Figure 
2.6). This analysis showed that the hydrido in the symmetrical isomer couples strongly to the 
Fe(dppBz) phosphines, and very weakly to the Ni(dppe) phosphines. In comparison, the 
unsymmetrical isomer couples more strongly to the Ni(dppe) phosphines, in addition to coupling 
to the Fe(dppBz) phosphines (Figure 2.7).  
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Figure 2.7. 
1
H -
31
P gHMBC NMR spectrum of  [H2]BAr
F
4  CD2Cl2 at 20 ºC. The boxes indicate 
the cross-peaks for the major isomers.  #  and * denote the  signals due to Fe(dppBz) for the 
symmetrical and unsymmetrical isomers respectively. ##  and ** denote the signals due to 
Ni(dppe) for symmetrical and unsymmetrical isomers respectively.   
 
The molecular structures of the symmetrical isomers of [H1]BAr
F
4 and [H2]BAr
F
4 were 
determined crystallographically from crystals grown at 0 °C by layering CH2Cl2 solutions with 
pentane. Additionally, the unsymmetrical isomer of [(dppv)Ni(-H)(-pdt)Fe(dppv)(CO)]BArF4, 
[H3]BAr
F
4 was characterized crystallographically. The synthesis and spectroscopic 
characterization of [H3]BAr
F
4 are discussed below. All three complexes feature octahedral Fe 
centers and twisted square pyramidal Ni centers (Figure 2.8 and Table 2.1).  
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Figure 2.8. Molecular structure of the [H1]
+ 
(top), [H2]
+
 (middle), and [H3]
+
 (bottom) with 50% 
probability thermal ellipsoids (left), and as a space filling models viewed from the bottom (right).  
Selected hydrogen atoms, counter ions, and solvent molecules have been omitted for clarity. 
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Table 2.1.  Summary of parameters for molecular structures of isomers of [H1]
+
,  [H2]
+
, and 
[H3]
+
. 
 Sym-[H1]
+
 Sym-[H2]
+
 Unsym-[H3]
+ 
Space Group P-1 P-1 P-1 
Fe-Ni (Å) 2.656 (4) 2.671 (8)  2.646(5) 
Fe-H (Å) 1.555 (3) 1.798 (5) 1.56(3) 
Ni-H (Å) 1.847 (3) 1.788(5) 1.79(3) 
Fe-H-Ni (°) 102.45 96.30 103.88 
P1-Ni-P2/ S1-Ni-S2 dihedral
a
 (°) 28.04 25.11 15.97 
P1-Ni-P2 bite-angle (°) 87.27 87.01 87.50 
P3-Fe-P4 bite-angle (°) 86.73 87.80 86.43 
a
dihedral refers to the angle between the planes formed by the groups of three atoms listed. 
 
The structures of symmetrical and unsymmetrical isomers of the tetraphosphine Ni(-
H)Fe complexes show a familiar “butterfly” structure observed for other Ni(-H)Fe complexes 
and the enzyme.
2,13
 The Ni and Fe metals are bridged by the dithiolate and the hydride ligand. 
The Fe center is in an octahedral geometry for all three complexes, albeit with different angles 
and bond distance due to the differing nature of each diphosphine ligand. The Ni center is 
nearing a square planar geometry with dihedral angles differing significantly for the Ni(dppe) 
versus Ni(dppv) sites (Table 2.1). The planarity of the Ni(dppv) versus Ni(dppe) may be due to 
the lack of flexibility of the unsaturated backbone of the dppv ligand. All three complexes are 
marked by significant steric crowding around the hydrido ligand as shown by space-filling 
models (Figure 2.8). Having only one phosphine on a basal position, as is the case for the 
Unsym-[H3]
+
,
  
is sufficient to eclipse the hydride ligand.  
The Ni-Fe distance of Sym-[H2]
+ 
is elongated slightly relative to the other complexes, 
which may be attributed to the larger bite-angle of dppBz versus dppe and dppv. This steric 
effect appears to increase the Fe-H-Ni angle and Fe-H distance of Sym-[H2]
+ 
relative to the other 
complexes.  The results is a more symmetric bridging of the two metals by the hydrido ligand of 
Sym-[H2]
+
. 
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Dissolution of crystals of Sym-[H2]
+
 in CD2Cl2 at -60 °C gave a 
1
H NMR spectrum with 
one signal for the hydrido ligand (Figure 2.9). Upon warming the solution to 20 °C, formation of 
the Unsym-[H2]
+ 
isomer is observed. The solution was then allowed to stand at room temperature 
for approximately 24 h, and new data were recorded. Upon re-cooling to – 60 °C both the 
Unsym-[H2]
+  
and Sym-[H2]
+  
isomers remain (Figure 2.9).  
  
  Figure 2.9. 
1
H NMR spectra of crystals of [H2]BAr
F
4 in CD2Cl2  at various temperatures. # 
denotes the Sym-[H2]
+
,  * the Unsym-[H2]
+
, • denotes isomer proposed to have Ni(dppBz) and 
Fe(dppe), ˄ indicates decomposition product formed in CH2Cl2.      
 
 NMR studies revealed that the hydride complex [H2]BAr
F
4 is deprotonated upon 
treatment with excess KO
t
Bu in MeOD to yield [(dppe)Ni
I
(-pdt)FeI(dppBz)(CO)]0 ([2]0) as a 
precipitate. The analysis showed that the Unsym-[H2]BAr
F
4 is deprotonated faster than Sym-
[H2]BAr
F
4 by referencing the hydride signals to silicone grease (Figure 2.10). The 
31
P{
1
H} NMR 
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of the product revealed a single species with  integration of 1:1:2 for its 3 signals, while the 
1
H 
NMR showed four signals in a 2:2:1:1 ratio for the pdt
2-
 bridge (Figure 2.11 - 2.12). 
 
 
Figure 2.10.  
1
H NMR spectrum (500 MHz, CD3OD) of  [H2]BAr
F
4  in the absence and presence 
of 4 equiv of KO
t
Bu.  # and * denote the symmetrical and  unsymmetrical isomer respectively. 
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Figure 2.11. 
31
P{
1
H} NMR spectrum (202.3 MHz, CD2Cl2) of [2]
0
. # and * refer to two 
Fe(dppBz) and Ni(dppe)  resonances, respectively. 
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Figure 2.12.  
1
H NMR spectrum (500 MHz, CD2Cl2) of [2]
0
. 
Synthesis of Tetraphosphine NiFe Complexes from Ni(diphosphine) and 
Fe(pdt)(diphosphine) 
 The synthesis of [2]
0
 in a large scale was investigated through a building block approach 
involving NiCl2(dppe) and Fe(pdt)(dppBz)(CO)2.
27
 Previously, a -Cl analog of [H1]BF4 was 
reported by the Rauchfuss group, though the -Cl ligand could not be removed by halide 
extraction reagents (e.g. Ag+). 
28
 Here, the -Cl analog of [H2]BF4, [(dppe)Ni
II
(-Cl)(-
pdt)Fe
II
(dppBz)(CO)]BF4
29
 ([Cl2]BF4), was synthesized by the same procedure to be 
investigated as a precursor to [2]
0
 (Figure 2.13).  
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Figure 2.13. 
31
P{
1
H} NMR spectrum (202.3 MHz, CD2Cl2) of [Cl2]BF4
 
.  
 
Dechlorination was effected by reduction of the [Cl2]BF4 with two equiv of  
K[CpFe(CO)2] or CoCp2* (Figure 2.14). Unfortunately, the reduction does not proceed as 
cleanly as the deprotonation of [H2]
+
, as indicated by unknown products in the 
31
P{
1
H} 
spectrum. This product remains after washing with methanol or precipitation of the products 
from THF with pentane. Additionally, it was discovered that upon standing in CD2Cl2 [2]
0 
reverts 
back to [Cl2]Cl indicated by a color change from brown to red. This reaction highlights a 
disadvantage of utilizing halogenated solvents with Ni
I
Fe
I
 complexes, and their reducing ability 
(Figure 2.14). 
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Figure 2.14. Bottom: 
31
P{
1
H} NMR spectrum (202.3 MHz, CD2Cl2) of attempted synthesis of 
[2]
0 
. ^ denotes an unknown byproduct . Top: Same NMR sample after 5 days. 
 
Synthesis and NMR studies of [(dppv)Ni
I
(-pdt)FeI(dppv)(CO)], [30]  
31
P{
1
H} NMR spectra of [H1]
+
 and [H2]
+
 revealed the presence of persistent impurities 
believed to be caused by disproportionation reactions in chlorinated solvents. The impurities 
increased when these solutions were allowed to stand at room temperature for more than 24 h. 
The synthesis of [H1]
+
 and [H2]
+
 could only be achieved in milligram scales, and purification 
with chlorinated solvents by chromatography was necessary. Additionally, the synthesis of [2]
0 
from [Cl2]BF4 resulted in impure products, as shown in Figure 2.14. Owing to the complications 
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associated with the synthesis of the dppe and dppBz complexes, attention was shifted to the 
bis(dppv) complex [3]
0
 and its hydrides.   
 Complexes [Cl3]BF4 and [3]
0
 were prepared using the building block approach utilized 
previously for[Cl2]BF4 and [2]
0 
(Scheme 2.4).  
 
Scheme 2.4. Synthesis of [(dppv)Ni
I
(-pdt)FeI(dppv)(CO)]0, [3]0 via bridging chloride complex 
[Cl3]
+
. 
  
The -Cl complexes have a structure similar to that of the symmetrical Ni(-H)Fe 
complexes.
28
 The 
1
H NMR of [Cl3]BF4 shows  four signals for the pdt
2- 
bridge in a 2:1:1:2 ratio, 
demonstrating the symmetry of the complex (Figure 2.15). The dppv backbone protons can be 
seen near the phenyl region (δ 8.13 and 7.03), with a coupling constants 2JPH of 53.7, and 
3
JPH   
34.2 Hz for the δ 8.13 signal, and 2JPH of 65.6, 
3
JPH of 30.8 Hz for the δ 7.03 signal. These 
signals cannot be conclusively assigned to the Fe(dppv) or Ni(dppv) sites based on these data 
alone, but demonstrate the differing environments of the two diphosphine ligands in [Cl3]BF4. 
Isotopically labeled 
57
Fe(pdt)dppv(CO)2 and Ni
57
Fe-tetraphosphine complexes were synthesized 
using this building block method from 
57
FeCl2. 
31
P{
1
H} NMR revealed a JFeP coupling constant 
for Fe(pdt)dppv(CO)2 of 32.4 Hz (Figure 2.16). The [Cl3]BF4 complex displays a multiplet 
similar to a doublet-of-doublets due to coupling to phosphorus and 
57
Fe with coupling constant 
of 39 Hz. For the unlabeled [Cl3]BF4 complex JPP = 16.6 Hz (Figure 2.16). 
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Figure 2.15.
 1
H NMR spectrum (500 MHz, CD2Cl2) of [Cl3]BF4
 
.  
 
Figure 2.16. Top: 
31
P{
1
H} NMR spectrum of  Fe(pdt)dppv(CO)2 with natural abundance Fe and 
isotopically labeled 
57
Fe. Bottom: 
31
P{
1
H} NMR spectrum (202.3 MHz, CD2Cl2) of [Cl3]BF4
 
with natural abundant Fe and isotopically labeled 
57
Fe. # denotes to Fe(dppv) and * refers to 
Ni(dppv) of [Cl3]BF4. 
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Complex [Cl3]BF4 was reduced by two equiv of K[CpFe(CO)2] to furnish the Ni(I)Fe(I) 
species, [3]
0
 (Scheme 2.4). The room temperature 
31
P{
1
H} NMR spectrum of [3]
0
  is analogous 
to that of [2]
0. The phosphorus sites assigned to the Fe(dppv) center appear as a triplet (δ 89.16 
in C6D6) and those assigned to the Ni(dppv) center appear inequivalent (δ 74.20 and 46.21). 
These assignments were confirmed by synthesis of the 
57
Fe congener of [3]
0
 which showed 
additional coupling to the signal at δ 89.16 conclusively assigning it as the Fe(dppv) center 
(Figure 2.17). The Ni(dppv) signals have  shifts similar to those for [(dppe)Ni
I
(-pdt)FeI(CO)3]
0
 
at – 68 °C (δ 81 and 46, vs δ 63.6 at 20 °C).16  
 
Figure 2.17. 
31
P{
1
H} NMR spectra of (202.3 MHz, C6D6) of [3]
0
 at 20 ºC unlabeled (top) and 
labeled with 
57
Fe (bottom). Assignments are described in the text. 
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Figure 2.17 (cont.).  
 
 The equivalent Fe(dppv) phosphorus couple to the two inequivalent Ni(dppv) phosphorus 
atoms in the unlabeled congener to produce a triplet. With the addition of the 
57
Fe results in a 
multiplet described as a tt in Figure 2.17, however because there are only three I =1/2 nuclei to 
couple too, this is not strictly correct. The multiplet is best described as a ddd, with overlaps of 
the peaks. This large coupling 
1
JFeP of 25.9 is evidence that signal A corresponds to the Fe(dppv) 
phosphorus. The small disturbance in the coupling of peak C when the 
57
Fe coupling is added 
shows that one of the Ni(dppv) phosphorus couples to the 
57
Fe. Although the coupling constant  
is not distinguishable, the effect of the 
2
JFeP  coupling is manifested in the broadening of the 
3
JPP 
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coupling constants of peak C. The crystal structure of [3]
0
 shows a Fe-Ni-P2 angle of 162.19 °C, 
and a Fe-Ni-P1 angle of 109.26 ºC. Based on the nearly-180 ºC observed for Fe-Ni-P2 this peak 
was assigned as “C” in the 31P spectrum (Figure 2.19).  
 The 
31
P{
31
P}spectra of the unlabeled and labeled complexes showed that  the Ni(dppv) 
environments cannot be distinguished because of broadening due to 
2
JPH (Figure 2.18). All 
unassigned coupling constants 
2
J (probably 
2
JPH because of the magnitude) for the 
57
Fe labeled 
complex are in the same magnitude as 
2
JPH couplings in the unlabeled complex. 
 
 
Figure 2.18. 
31
P (proton-coupled) NMR spectra of [3]
0 
and
 
its 
57
Fe congener. Selective 
decoupling of the signals allows for measuring of 
2
JPH.
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Figure 2.19.  Molecular structure of the non-hydrogen atoms of [3]
0
 showing 50% probability 
ellipsoids (left), and space-filling models without the calculated hydrogen atoms (right).  
 
 
The 
31
P{
1
H} spectrum of  [3]
0
  shows that the Fe(dppv) phosphorus signals are equivalent 
in the NMR time-scale. However, the molecular structure of [3]
0
, determined by single crystal X-
ray diffraction, confirms that it is an unsymmetrical complex with four inequivalent phosphorus 
atoms is an isomer of  [3]
0
 (Figure 2.19). This data suggests that multiple species are present in 
solution for [3]
0
, or that a dynamic process equilibrates the Fe(dppv) phosphorus signals. Aside 
from the unsymmetrical Fe(dppv), the structure of [3]
0 
is similar to that of [(dppe)Ni
I
(-
pdt)Fe
I
(CO)3]
0
 (Scheme 2.2).
16
 The Fe-Ni bond of 2.5261(4) Å is elongated relative to that for 
[(dppe)Ni
I
(-pdt)FeI(CO)3]
0
 (2.466 (6) Å),
15
 which is attributed to nonbonding interactions 
between the two bulky dppv ligands. The space filling model of [3]
0 
demonstrates the steric 
crowding caused by the integration of the phenyl rings of the dppv ligands (Figure 2.19). The 
iron center of [3]
0
 adopts a distorted octahedral geometry (viewing the Fe-Ni bond as a sixth 
ligand); with the CO group occupying a basal position.  The nickel center adopts distorted 
trigonal bipyramid geometry, with a Fe1-Ni1-P2 angle of 162.2° and dihedral angle of 80.94 ° for 
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the S1-Ni-S2 and P1-Ni-P2 planes. For comparison, the corresponding values for [(dppe)Ni
I
(-
pdt)Fe
I
(CO)3]
0
  are 169.8° and 84.9°.
15
    
 The IR spectrum of [3]
0
 shows CO bands at 1912, 1897 cm
-1
, also suggesting the 
presence of two isomers (Table 2.7, Figure 2.35). However, no other evidence could be found to 
confirm the presence of isomers.  Upon cooling to – 68 °C in toluene, the 31P{1H} NMR 
spectrum is decoalesced to give a total of four signals of equal intensity (Figure 2.20). This 
demonstrates that in solution only one species, or enantiomers of one species, are present. The 
inequivalent phosphorus atoms of the Fe(dppv) site are interconverting fast via a dynamic 
process on the NMR time-scale. Decoalescence of the NMR signals is attributed to a slowing of 
the dynamic process at the Fe(dppv) site (Scheme 2.6). The NMR analysis also confirmed the 
rigidity of the Ni(dppv) site. 
 
Scheme 2.5.  Proposed dynamic process of the Fe(dppv) site of [3]
0 
via a transition state 
generated by a trigonal (Bailar) twist.   
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Figure 2.20. 
31
P{
1
H} NMR spectrum (202.3 MHz, toluene-d8) of [3]
0
 at various temperatures.  
Signals labeled * and ** denote the Fe(dppv) and Ni(dppv) sites, respectively. 
 
Using the data from Figure 2.19 and the Gutowsky-Holm relation (eq 2.1- 2.2, Table 
2.3),
30
 calculations for the barrier to rotation can be done for the Fe(dppv) site of [3]
0  
and the 
Ni(dppv) site of [H3]BAr
F
4 (discussed below).  
𝑘𝑐 = 𝜋Δ𝜈 √2⁄   = s
-1  
(2.1) 
ppm) 202 MHz   
Δ𝐺† = 4.58 𝑇𝐶 [10.32 + log(𝑇𝐶 𝑘𝐶)] = 𝑐𝑎𝑙/𝑚𝑜𝑙 ⁄ (2.2) 
Tc = Kelvin 
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Table 2.2.Calculations for barrier of rotation of the Fe(dppv) site of [3]
0  
and the Ni(dppv) site of 
[H3]BAr
F
4 in toluene-d8.  
 Temp (°C) Temp (K) ppm1 ppm2 (s-1) kc  (s
-1
) G (kcal/mol) 
[3]
0
 
-85 188 87.4 85.94 294.92 655 8.42 
-80 193 87.46 85.81 333.3 740.2 8.61 
-75 198 87.24 85.5 351.48 780.6 8.82 
-70 203 87.05 85.39 335.32 744.7 9.07 
[H3]BAr
F
4 -40 233 75.64 70.8 977.68 2171.4 9.98 
 
 The 
1
H NMR of [3]
0 
further demonstrates the symmetry of the complex in solution with 
the pdt
2- 
bridge showing equivalency in of the S2(CH2)2CH2 protons (Figure 2.21). Assigning the 
four types of protons on the pdt
2- 
bridge was done by using 2D1H-1H COSY, 
1
H-
31
P gHMBC, 
and the molecular structure of [3]
0
. No 
1
H-
13
C gHSQC was recorded because it would not help 
assign geminal protons.  The best assignments based on the data are shown in Figure 2.21, which 
assume that the 
31
P assignments are correct based on the 
57
Fe NMR analysis presented above.   
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Figure 2.21. 
1
H NMR spectrum (500  MHz, C6D6) of [3]
0
 at 20 ºC. 
 The 
1
H-
31
P gHMBC showed coupling of the phosphorus to Hc and  Hd (Figure 2.22). A 
qualitative Karplus analysis did not predict potential couplings (
4
JHP) for Hd or for Hc with any 
phosphorus atoms.  The Karplus equations calculate the magnitude of a vicinal or long-range 
“W” coupling constant (3J or 4J respectively) as a function of the angle (ɸ) of the two planes 
containing the atoms of interest.
31,32
 Qualitatively, the Karplus equation states that the closer ɸ is 
to 90°, the smaller the coupling constant is. For the planes containing Hc and P2 ɸ = 87.60, and is 
the only significant angle which can be expected not to yield a noticeable coupling (Figure 2.22, 
table 2.4). This analysis allowed for the differentiation of Hc and Hd because P2 does couple to 
two equivalent hydrogens as shown by a cross-peak δ1.5/46.21. 
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Figure 2.22. 
1
H - 
31
P gHMBC NMR spectrum of [3]
0
 in C6D6 at 20 ºC. Highlighted at the cross-
peak involving the pdt
2- 
hydrogens. 
 
Table 2.3. Angles between planes of [3]
0
 from crystallographic data used in qualitative Karplus 
analysis to predict 
4
J (W) coupling. Example of Hc-C-S and S-Fe-P4 planes. 
H-plane/P-plane Angle (°) H-plane/P-plane Angle (°) 
Hc-C-S/ S-Ni-P1 56.95 Hd-C-S/ S-Ni-P1 62.78 
Hc-C-S/ S-Ni-P2 87.60
a
 Hd-C-S/ S-Ni-P2 57.97 
Hc-C-S/S-Fe-P3 60.23 Hd-C-S/S-Fe-P3 55.55 
Hc-C-S/S-Fe-P4 60.89 Hd-C-S/S-Fe-P4 55.83 
c
Minimal orbital-overlap and J nearly 0Hz predicted by Karplus eq 
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Since the Hb and Hc resonances overlap, it is unclear whether the cross-peak at δ1.5/46.21 
is for one or both types of hydrogens coupling to P2. To determine this, the internal projection of 
the gHMBC spectrum was integrated (Figure 2.23). The integrations were referenced to the 
resonance at δ 8.08 set to 4H because it also couples strongly to phosphorus, and was determined 
to be 4H in figure 2.21. This integration showed that the cross-peak at δ 1.5/46.21 integrates to 
2H relative to the resonance at δ 8.08 .  The cross-peak at δ 1.5/46.21was therefore assigned as 
Hd because P2 cannot couple to Hc.  
 
 
Figure 2.23. Internal projection of the 
1
H-
31
P gHMBC spectrum of [3]
0 
in C6D6. # refers to the 
reference used because it shows strong coupling to P1, while * refers to the cross-peak for Hd and 
P2.  
 The 
1
H-
1
H COSY of [3]
0
 shows coupling between the pdt
2- 
hydrogens (Figure 2.24). 
Because of the six-member ring formed by the ligand and any one of the metals, the assignment 
58 
 
of the (SCH2)CH2 is analogous to that of hydrogens in cyclohexane.
33
 The resonances due to the 
axial ligands are more upfield than the resonances due to the equatorial ligands in cyclohexanes, 
and therefore Hb (axial) has been assigned as the more upfield proton relative to Ha (equatorial). 
Figure 2.24. 
1
H-
1
H COSY NMR spectrum of [3]
0
 in C6D6 at 20 ºC. The six-member ring formed 
by the pdt
2- 
ligand and the Fe center are shown to assign the hydrogen atoms as equatorial versus 
axial. 
 
Protonation of [3]
0
 
  Protonation of [3]
0
 with HOTf or HBAr
F
4·2Et2O produced a single isomer of [H3]
+
 as 
observed by 
1
H and 
31
P{
1
H} NMR spectroscopy (Figure 2.24). Upon standing in d3-MeCN, 
Unsym-[H3]
+
 partially converts to Sym-[H3]
+ 
via a first-order isomerization process at a rate of 
3.1x10
-4 
± 2x10
-5
 s
-1
 at 24 °C, with a half-life of 37 mins (scheme 2.6, Figure 2.25, table 2.4). 
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Upon standing in non-polar solvents the BAr
F
4 salts reach equilibrium of symmetrical to 
unsymmetrical isomer of 0.2:1, and 0.12:1 in CH2Cl2.  
 
Scheme 2.6.  Protonation of [3]
0
 to form Unsym-[H3]
+
, followed by isomerization to Sym-[H3]
+
 
 
 
Figure 2.25. Top: 
1
H NMR of initial (T = 0) and final (T = 3.7 h) product distribution of 
protonation of [3]
0
 in d3-MeCN. Bottom: exponential decay of Unsym-[H3]
+ 
and exponential 
growth of  Sym-[H3]
+ 
determined by 
1
H NMR in d3-MeCN. Run C refers to the data from table 
2.5. 
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Table 2.4. Summary of kinetics data for exponential decay of Unsym-[H3]
+ 
and exponential 
growth of  Sym-[H3]
+
. 
Run # (acid used) Temp (ºC) Rate (s
-1
) t1/2 (min) 
Run A (HOTf) 22.7   
Unsym  -3.04E-4 37.99 
Sym  2.76E-
4
 41.88 
Run B (HBAr
F
4·2Et2O) 26.5   
Unsym  -3.10E-4 37.24 
Sym  3.10E-4 37.24 
Run C (HBAr
F
4·2Et2O) 24   
Unsym  -3.34E-4 34.57 
Sym  3.34E-4 34.57 
Average (absolute)  3.11E-
4
 37.258 
stdev  ± 1.98E-
5
 2.46 
 
The unsymmetrical isomer of [H3]
+
, shows one phosphorus signal in the 
31
P{
1
H} NMR at 
δ73.46 for the Ni(dppv) center, and two signals assigned to the Fe(dppv) at δ 93.43 and 79.43 in 
d3-MeCN. In C6D6 the Ni(dppv) center is observed at δ 72.8 , and Fe(dppv) at δ 87.82 and 80.60. 
This assignment was confirmed by analyzing the 
57
Fe analog of [H3]BAr
F
4 which splits the 
singlets into triplets (Figure 2.26). The coupling to 
57
Fe may allow for Jpp to be observable, 
which would explain why a doublet it not observed. 
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Figure 2.26. 
31
P{
1
H} NMR spectrum (202.3 MHz, C6D6) of [H3]Bar
F
4 at 20 ºC. Signals labeled 
* are for unsymmetrical Fe(dppv), ** for unsymmetrical Ni(dppv), # is for symmetrical 
Fe(dppv), and # # for  symmetrical Ni(dppv). 
 
The pKa of [H3]
+
 was determined by treating [3]
0
  with various amounts of acetic acid 
(pKa
MeCN
 = 21.56) to give mixtures of [3]
0
 and Unsym-[H3]
+
.
34
 
31
P{
1
H} NMR signals for [3]
0
 
and Unsym-[H3]
+
are distinct indicating slow proton exchange between the hydride and its 
conjugate base (Figure 2.27). For the pKa experiments, PhCN was used in place of MeCN due to 
the low solubility of [3]
0
 in MeCN. The measurements assume that pKa
MeCN
 ~ pKa
PhCN 
which is 
not strictly correct due to varying levels of hydrogen bonding. Although the  pKa values are 
estimations, the relative pKas of NiFe complexes are still meaningful comparisons as long as all 
measurements are done in the same solvent.
35
  In MeCN solution, HOAc and OAc
-
 tend to 
associate, as indicated by the homoconjugation constant of 3.21.
36,37
  Our calculations corrected 
for this effect, and from three determinations, the pKa of [3]
0
 is estimated to be 16.6 ± 0.04 
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(Table 2.5). As expected for a more electron-rich metal-hydride, the pKa of [3]
0
 (or [H3]
+
) is 
higher than for related di- and tri-phosphines NiFe complexes. For example, [(dppe)Ni
II
(-
pdt)(-H)FeII(CO)3]
+
 has been reported as having a pKa of 10.7, while [(dppe)Ni
II
(-pdt)(-
H)Fe
II
(CO)2(P(OPh)3)]
+
 of 14.9 in PhCN.
16
  The results suggest that [H3]
+
 will be more hydridic 
than di- and tri-phosphine complexes.
35
 
 
 
Figure 2.27. Example of 
31
P{
1
H} NMR spectrum (202.3 MHz, PhCN) of mixture of  [3]
0
** and 
[H3]
+
* used to determine pKa 
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Table 2.5. Determination of pKa of [3]
0
 ([H3]
+
) using HOAc in PhCN. 
Entry Initial [3]
0
 
(mg, umol) 
Total  
Volume (mL) 
Added HOAc 
(umol) 
Final [3]
0
 
/[H3]
+
 
pKa Calcd
a
 
1 5.0, 4.8  0.75  24 1.67 16.64 
2 5.0, 4.8 0.75 23 0.98 16.65 
3 5.1, 4.89 0.75 24.5  1.78 16.65 
4 5.0, 4.8 0.75 33.6  0.384 16.60 
5 5.1, 4.89   0.75 34.3  0.877 16.72 
a
pKa(MH
+
) = pKa(HA) – pKeq where pKa(HA) accounts for homoconjugation.
36,37
  
Upon cooling to – 40 ° C in toluene the Ni(dppv) phosphorus resonances of Unsym-[H3]+ 
decolaesce to show that all four phosphorus atoms are in-fact nonequivalent (Figure 2.28 – 
2.29).The Sym-[H3]
+ 
isomer
 
is
 
characterized by two singlets in the 
31
P{
1
H} NMR spectrum 
analogous to the symmetrical isomers of [H1]
+
 and [H2]
+
. Due to the plane of symmetry of Sym-
[H3]
+
,
 
cooling does not lead to decalescence of the resonances of the M(dppv) in the 
31
P{
1
H} 
NMR. 
 
Figure 2.28. 
31
P{
1
H} NMR spectrum (202.3 MHz, toluene-d8) of [H3]BAr
F
4 at various 
temperatures. Signals labeled * are assigned to the unsymmetrical Fe(dppv), ** to unsymmetrical 
Ni(dppv) decoalescing, # to the symmetrical Fe(dppv), and ## to the  symmetrical Ni(dppv). 
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Figure 2.29. 
31
P{
1
H} NMR spectrum (202.3 MHz, toluene-d8) of [H3]BAr
F
4 at – 40 °C.  
The Unsym-[H3]BAr
F
4 isomer was characterized crystallographically from crystals 
grown by layering THF solutions with pentane at 0 ºC (Figure 2.8). Unsym-[H3]
+
 retains the  
distorted octahedral geometry of the Fe center, and Ni center geometry has changed from the 
trigonal bipyramidal geometry to a square pyramidal geometry with the oxidation change Ni(I) 
to Ni(II) (Figure 2.8). The 
1
H NMR of [H3]BAr
F
4 are similar to those of [H1]BAr
F
4 and 
[H2]BAr
F
4, although the separation of the hydride shifts are different, reflecting the different 
equilibrium constants. Upon cooling a CD2Cl2 solution of [H3]BAr
F
4, the hydride signals 
approach but do not coalesce (Figure 2.30). 
65 
 
 
Figure 2.30.  
1
H NMR spectrum (500 MHz, CD2Cl2) of [H3]BAr
F
4 at various temperatures 
showing coalescence of the two isomers. * denotes the symmetrical isomer, and ** denotes the 
asymmetrical isomer. 
 
 The signals for the pdt
2- 
bridge of Unsym-[H3]
+
 differ greatly from those of [3]
0
. All 
hydrogens in the Unsym-[H3]
+ 
complex are inequivalent, while for [3]
0 
there were four types of 
hydrogens. Unlike in [3]
0
,
 
no evidence of a fast dynamic process (in the NMR time-scale) for the 
Fe(dppv) site is observed for Unsym-[H3]
+
. Additionally, the Ni(dppv) center of Unsym-[H3]
+
 is 
twisted (15.97 °) making all the pdt
2- 
hydrogens inequivalent (Figure 2.31). The pdt
2- 
hydrogen 
signals are too weak to evaluate. While these assignments are consistent with the data analyzed, 
there are other possibilities which can't be ruled out so this is not a definitive assignment. 
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Figure 2.31. 
1
H NMR spectrum (500  MHz, C6D6) of [H3]Bar
F
4 at 20 ºC. Integrations shown are 
for the hydrides of both isomers, and the S(CH2)3S bridge of the major isomer only.  
 
The most telling piece of spectroscopy to assign the pdt
2- 
of Unsym-[H3]
+ 
was the 2D 
1
H- 
13
C gHSQC NMR spectrum, which allows for the assignment of the geminal hydrogen atoms 
(Figure 2.32). The 
1
H-
13
C gHSQC conclusively identified the Hc/f proton near δ1.0 that overlaps 
with Hd/e hydrogen. The spectrum also conclusively determined the Ha and Hd/e resonances near 
δ1.4-1.5 correspond to two hydrogens instead of three like the integration may suggest. This is 
because each methylene can only have two hydrogens, and each column shows two signals. The 
error in the integration of Ha and Hd/e resonances is likely due to the Sym-[H3]
+ 
signals. 
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Figure 2.32. 
1
H -
13
C  gHSQC NMR spectrum of [H3]Bar
F
4 in C6D6 at 20 ºC. The boxes indicate 
the geminal hydrogen cross-peaks. 
 
The triplets of Ha (equatorial) and Hb (axial) were tentatively differentiated by analogous 
assignments to cyclohexanes. With those assignments in place the 
1
H-
1
H COSY was used to 
assign the remaining hydrogens as either equatorial or axial by observed coupling to either Ha or 
Hb (Figure 2.33). Although these assignments may be reversed (axial versus equatorial), the 
grouping of the hydrogens is consistent with the 
1
H-
1
H COSY and 
1
H -
13
C  gHSQC. The cross-
peak of the 
1
H-
1
H COSY between Ha and Hc/f  near δ1.0 is weak, but because all other cross-
peaks are strong there is no ambiguity that this last peak is related to Ha and Hc/f at δ1.6 
(equatorial). A tentative assignment of the S(CH2)CH2 could be done based on the intensity of 
the cross-peaks and analogy to the expected coupling constants for cyclohexane, but this 
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assignment would be too ambiguous and was avoided. Instead, here we have the best assignment 
supported by the 2D NMR in which Ha and Hc/f are equatorial, and Hb and Hd/e are axial. These 
assignments are also consistent with those of [3]
0
. 
Figure 2.33. 
1
H -
1
H COSY NMR spectrum of [H3]BAr
F
4 in C6D6 at 20 ºC. The blue squares 
highlight the axial cross-peaks, and green the equatorial cross-peaks. 
 
The isotopically labeled [H3]BAr
F
4 showed coupling of the 
57
Fe center to the metal 
hydrido of the Unsym-[H3]BAr
F
4 with 
1
JFeH = 14.4 Hz, but not to the Sym-[H3]BAr
F
4 hydrido 
(Figure 2.34). Although 
2
JPH  is observed for both hydrides and the Fe(dppv) phosphorus (Figure 
2.35). This puzzling result could not be probed by crystallographic analysis because the structure 
of Sym-[H3]BAr
F
4 is unknown. The symmetrical isomers of [H1]
+ 
and [H2]
+ 
show Fe-H 
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distances within bonding distances, and because of the similar spectroscopic data the Fe-H 
distance of Sym-[H3]BAr
F
4 is expected to be within bonding distance.  
 
 
Figure 2.34. 
1
H{
31
P} NMR spectrum (500  MHz, C6D6) of isotopically labeled (
57
Fe) [H3]Bar
F
4 
at 20 ºC.# refers to Sym-[H3]Bar
F
4 while * refers to Unsym-[H3]Bar
F
4. 
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Figure 2.35. 
1
H -
31
P gHMBC NMR spectrum of [H3]Bar
F
4 in C6D6 at 20 ºC.  
Synthesis of a triphosphines complex 
Before the synthesis of tetraphosphine complexes was undertaken, the synthesis of 
[(dcpe)Ni(-pdt)(-H)Fe(CO)2PPh3]BF4, [H4]BF4 was performed via CO substitution. Refluxing 
of a THF solution of [(dcpe)Ni(-pdt)(-H)Fe(CO)3]BF4 in the presence of PPh3 leads to the 
formation of [H4]BF4 in ~ 4 hr.
16
 The FTIR spectrum of [H4]BF4 shows two bands in CH2Cl2 at 
CO = 2012, 1959 cm-1, for a shift of 66 and 58 cm-1 from the shifts of the parent complex 
(Figure 2.36). This complex was initially explored as precursor to [Ni(-H)Fe]2+, but as will be 
shown in chapter 3 the cyclic voltammetry of these complexes showed no anodic waves. Still the 
use of this complex and other triphosphines complexes previously reported served as useful 
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comparisons for the effect of having a chelating phosphine on stability of mixed-valence 
complexes. 
 
Figure 2.36. FTIR spectrum of [H4]BF4 in CH2Cl2     
The 
31
P{
1
H}spectrum of [H4]BF4 shows only one species as a singlet for the PPh3 ligand. 
The 
1
H NMR spectrum of [H4]BF4 shows coupling of the phosphine ligand to the bridging 
metal-hydrido with 
2
JPH = 38.1 Hz (Figure 2.37). The shift of the hydride is close to the more 
deshielded symmetrical tetraphosphine complexes and [(dppe)Ni
II
(-pdt)(-H)FeII(CO)2 (basal 
PPh3)]
+
, which have been crystallographically characterized.  
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Figure 2.37. 
31
P{
1
H} NMR spectrum  (top), and high-field region of the 
1
H NMR spectrum 
(bottom) of [H4]BF4 in CH2Cl2 (
2
JPH = 38.1 Hz).  
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FTIR analysis of tetraphosphine and triphosphine complexes 
FTIR analysis of [H1]
+
, [H2]
+
, and [H3]
+
 in THF revealed that these complexes closely 
mimic the electron density of the Ni-R state of various NiFe-H2ases (Table 2.6). FTIR analysis 
of [H3]Bar
F
4 in THF shows an average shift (CO ) from the stretching frequencies of [3]
0 
 of 52 
cm
-1 
(Figure 2.38, Table 2.6). Similarly, [H2]Bar
F
4 shows a shift of 51 cm
-1 
from [2]
0
. These 
shifts in stretching frequency are for an oxidation change from Fe(I)Ni(I) to Fe(II)Ni(II), and 
hydride formation. These parameters will become useful when categorizing shifts in 
paramagnetic complexes discussed in chapter 3.  
The Ni(II)Fe(II) tetraphosphine complexes all have absorbances in a similar energy range 
as can be seen from Figure 2.38. Substitution of two CO in [(dppe)Ni(-pdt)(-H)Fe(CO)3]BF4 
for dppe shifted the CO by 115 cm
-1
,
 
and for dppBz substitution by 104 cm
-1
.
 
The difference in 
frequencies highlights the large increase in electron density present at the Fe center cause by the 
ligand substitution. For comparison, substitution of one CO of [(dppe)Ni(-pdt)(-
H)Fe(CO)3]BF4 by PPh3  causes a shift of 63 cm
-1
.
16
 The diphosphine substitution causes a shift 
in the CO stretch of about double the magnitude of that which is observed for substitution with a 
monophosphine. This increase in electron density is expected to have a significant impact on 
reduction and oxidation potentials of the complexes. 
 The tetraphosphine Ni(-H)Fe complexes are predicted to be more stable upon oxidation 
due to the stabilizing effect of stronger donor ligands on the positively charged metal center. As 
will be shown in chapter 3, this hypothesis proved to be true. Additionally, the increase in 
electron density from the stronger donor ligands is predicted to destabilize the reduction 
products, but this hypothesis will be shown to be incorrect in chapter 3.  
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Table 2.6. FTIR data for νCO of THF solutions (unless noted) for complexes discussed in this 
chapter 
Complex νCO (cm-1) Complex νCO (cm-1) 
[H1]BAr
F
4 1938, 1954 sh
a
 Fe(pdt)(CO)2dppv 2010,1975
27
 
[H2]BAr
F
4 1949, 1935 [(dppe)Ni(-pdt)(-H)Fe(CO)3]BF4 2082, 2024
c,16
 
[Cl2]BF4 1947
b
 [(dppe)Ni(-pdt)(-H)Fe(CO)2PPh3]BF4 2016, 1964
16
 
[2]
0
 1898, 1884 [(dcpe)Ni(-pdt)(-H)Fe(CO)2PPh3]BF4 2012, 1959
 c
 
[H3]BAr
F
4 1953, 1960 sh
a
 Ni-R D. Vulgaris 1948
8
 
[Cl3]BF4 1946
b
 Ni-R A. vinosum 1936
8
 
[3]
0
 1912 sh 
a
, 1897  Ni-R D. gigas 1940
8
 
a 
shoulder
 
b
Acetone solution 
c CH2Cl2 solution
 
 
 
Figure 2.38. FTIR spectra of tetraphosphine complexes discussed in this chapter. [Cl2]BF4 and 
[Cl3]BF4 were recorded in acetone, all others were recorded in THF. 
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Conclusions 
The synthesis of tetraphosphine NiFe complexes was achieved by substitution of 
previously reported complexes with chelating phosphines. Additionally, the use of monometallic 
Ni and Fe complexes was shown to be an effective way to optimize the synthesis of NiFe 
tetraphosphine complexes in large yields. The ratio of Unsym: Sym isomer of the tetraphosphine 
hydrido complexes discussed increases in order of  [H1]
+
  < [H2]
+ 
< [H3]
+
, which corresponds to 
a stabilization of the Unsym isomer when the hydride atom is trans to a weaker donor phosphine. 
This observation is predicted to have an effect in the electrochemical reactivity of the complexes 
as will be discussed in chapter 3. Extensive NMR studies were used in conjunction with X-ray 
crystallography to allow the characterization [3]
0 
and [H3]
+
.  This highlights the benefit of 
studying model complexes to better understand the structure and behavior of enzyme active-
sites. Lastly, FTIR analysis quantified the effect of phosphine substitution on the Ni and Fe 
centers. The FTIR shifts of the tetraphosphine complexes show that the electronic structure of 
NiFe-H2ases can be accurately modeled without the use of the cyanide ligands found in the 
enzyme active sites. 
Experimental Section  
General Considerations. Unless otherwise stated, reactions were conducted using standard 
Schlenk techniques, and all reagents were purchased from Sigma-Aldrich or Fisher. Unless 
otherwise noted, all solvents were HPLC grade and purified using an alumina filtration system 
(Glass Contour, Irvine, CA). ESI-MS data were acquired using a Waters Micromass Quattro II or 
ZMD spectrometer with analytes in dilute CH2Cl2 solution.  Analytical data were acquired using 
an Exeter Analytical CE-440 elemental analyzer. NMR data were acquired using a Varian  U500 
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or VXR500 spectrometer.  Chemical shifts (in ppm) were referenced to residual solvent peaks 
(for 
1
H, 
13
C) or external 85% H3PO4 (for 
31
P). Solution IR spectra were recorded on a Perkin-
Elmer Spectrum 100 FTIR spectrometer. Crystallographic data were collected using a Siemens 
SMART diffractometer equipped with a Mo Kα source (λ = 0.71073 Å) and an Apex II detector. 
Photolysis was done using a Spectroline MB-100 black light of long-wave UV radiation of 365 
nm.  Syntheses of Fe(CO)2(pdt)(dppv)
27
 and K[FeCp(CO)2]
38
 were previously reported. 
[(dppe)Ni(-H)(-pdt)Fe(dppe)(CO)]BArF4, [H1]BAr
F
4.  In a 250-mL Schlenk tube was 
dissolved [(dppe)Ni(-H)(-pdt)Fe(CO)3]BAr
F
4 (0.300 g, 0.191 mmol) and dppe (0.080 g, 0.20 
mmol) in 120 mL of THF.  The solution was photolyzed for 20 h, followed by removal of the 
solvent in vacuo. The resulting red-orange solid was extracted with CH2Cl2 and 
chromatographed on an alumina column (2.5 in x 7 in) using a mixture of 6:4 hexanes: CH2Cl2 
as the eluent.  The second band collected contained the wanted product, as a red-orange band. 
The product was collected and the solvent was removed in vacuo to obtain a red-orange solid. 
Yield: 0.135 (37 %). The symmetric isomer can be isolated from the chromatographed product 
by layering a solution of CH2Cl2 with Hexanes at - 40 

C. Symmetric isomer: 
1
H NMR (500 
MHz, CD2Cl2, 25 °C): δ -3.01 (t, 
2
JPH = 33.2 Hz 1H, Fe(-H)Ni). 
31
P{
1
H} NMR (202.3 MHz, 
CD2Cl2): δ 61.03 (s, 2P, NiP), 83.00 (s, 2P, FeP). Unsymmetrical isomer: 
1
H NMR (500 MHz, 
CD2Cl2, 25 °C): δ -6.34 (t, 
2
JPH = 37.6 Hz, 1H, Fe(-H)Ni). 
31
P{1H} NMR (202.3 MHz, 
CD2Cl2): δ 65.07 (br s, 2P, Ni2P), 73.94 (br s, 1P, FeP), 85.47 (s, 1P, FeP). IR (THF): CO = 
1938 (s), 1954 (sh) cm
-1
. Anal. Calcd. for C88H67BF24FeNiOP4S2: C, 55.34; H, 3.54. Found: C, 
55.51; H, 3.26. 
[(dppe)Ni(-H)(-pdt)Fe(dppBz)(CO)]BArF4, [H2]BAr
F
4.  In a 250-mL Schlenk tube was 
dissolved [(dppe)Ni(-H)(-pdt)Fe(CO)3]BAr
F
4 (0.300 g, 0.191 mmol) and dppBz (0.085 g, 
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0.191 mmol) in 120 mL of degassed THF.  The solution was photolyzed for 5 h, followed by 
removal of the solvent in vacuo.   The resulting red-orange solid was extracted with CH2Cl2 and 
chromatographed on an alumina column (0.5 in x 5 in) using a mixture of 1:1 hexanes : CH2Cl2 
as the eluent.  The first band collected contained the wanted product, as a red-orange band. The 
product was collected and the solvent was removed in vacuo to obtain a red-orange solid. Yield: 
0.251 g (67%). The symmetric isomer can be isolated from the chromatographed product by 
layering a solution of CH2Cl2 with Hexanes at -40 

C. Symmetric isomer: 
1
H NMR (500 MHz, 
CD2Cl2) δ 7.76-7.26 (m, 52 H, Ar),  6.96 (t, JPH = 7.6 Hz, 4H, P(C6H4)P), 2.67 – 2.40 (m, 4H, 
P(CH2)2P), 1.94 (d, JHH = 14.3 Hz, 1H, (SCH2)2CH2)), 1.67 (d, JHH = 12.4 Hz, 2H, 
(SCH2)2CH2)), 1.50 (t, JHH = 12.4 Hz, 2H, (SCH2)2CH2)), 0.97 (d, JHH = 6.4 Hz, 1H), -3.14 (t, 
2
JPH = 33.3 Hz, 1H, Fe(-H)Ni). 
31
P{1H} NMR ( 202.3 MHz, CD2Cl2): δ 87.1(s, 2P, Fe2P), 59.4 
(s, 2P, Ni2P). Unsymmetrical isomer: 
1
H NMR (500 MHz, CD2Cl2, 25 °C): δ -6.01 (t, 
2
JPH = 
36.9 Hz, 1H, Fe(-H)Ni). 31P{1H} NMR ( 202.3 MHz, CD2Cl2): δ 83.55 (d, JPP = 14.9 Hz, 1P, 
FeP), 69.45 (d, JPP = 10.3 Hz, 1P, FeP ), 65.88 (s, 2P, Ni2P). IR (THF): CO = 1949 (s), 1935 (m) 
cm
-1
. Anal. Calcd. for C92H67BF24FeNiOP4S2·C6H14: C, 57.59; H, 3.99. Found: C, 57.59; H, 4.09. 
[(dppe)Ni(-Cl)(-pdt)Fe(dppBz)(CO)]BF4, [Cl2]BF4. In a 100-mL Schlenk flask was 
prepared a solution of Fe(CO)2(pdt)(dppBz) (0.216 g, 0.325 mmol) in 35 mL of acetone.  Solid 
NiCl2dppe (0.172 g, 0.325 mmol) and NaBF4 (0.039 g, 0.356 mmol) were added directly to the 
solution. The resulting  heterogeneous mixture was refluxed for 1 h at which point no solid was 
visible and the red color had deepened. An FTIR spectrum confirm that Fe(CO)2(pdt)(dppBz) 
was fully consumed. The solution was cooled in and ice bath, and filtered using a pad of Celite. 
The filtrate was diluted with 80 mL of hexanes and was cooled to 0 °C for several days to obtain 
crystals. The crystals were isolated by filtration, and the filtrate was concentrated in vacuo until 
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precipitate formed. The crystals and precipitate ware combined. Yield: 0.363 g (91%).  
31
P{1H} 
NMR (202 MHz, CD2Cl2): δ 72.28 (d, JPP = 15.9 Hz, 2 P,  Fe2P), 48.26 (d, JPP = 15.9 Hz, 2 P,  
Ni2P).  IR (acetone): CO = 1946 (s) cm
-1
.   
[(dppe)Ni(-pdt)Fe(dppBz)(CO)]0, [2]0. In a 200-mL Schlenk flask was dissolved [H2B]BArF4 
(0.59 g, 0.301 mmol) in  100 mL of degased MeOH. To the solution was treated with directly 
with KO
t
Bu (0.17 g, 1.5 mmol) and was stirred at room temperature for 2 days under nitrogen. A 
brown precipitate began to form after ~ 2 h, which was collected by filtration. The precipitate 
was washed with 2 x 30 mL of pentane and recrystallized from 10 mL of THF and 10 L of 
pentane. 
1
H NMR (500 MHz, CD2Cl2, 25 °C): δ7.87- 6.98 (m,  44 H, Ar), 2.01 (d, JPH = 22.8 Hz, 
4 H, P(CH2)2P), 1.67 (s, 2 H, (SCH2)2CH2), 1.51 (s, 2 H, SCH2CH2), 1.31 (s, 2 H, SCH2CH2). 
31
P{1H} NMR (202 MHz, CD2Cl2): δ 82.85 (s, 2 P, Fe2P), 71.23 (s, 1P, NiP), 41.80 (s, 1P, NiP).  
IR (THF): CO = 1897 (s), 1884 (m) cm
-1
.  
[(dppv)Ni(-Cl)(-pdt)Fe(dppv)(CO)]BF4, [Cl3]BF4. In a 500-mL Schlenk flask was prepared 
a solution of Fe(CO)2(pdt)(dppv) (1.00 g, 1.63 mmol) in 150 mL of acetone.  Solid NiCl2dppv 
(0.854 g, 1.63 mmol) and NaBF4 (0.196 g, 1.78 mmol) were added directly to the solution. The 
resulting  heterogeneous mixture was refluxed for 4 h at which point no solid was visible and the 
red color had deepened. An FTIR spectrum confirm that Fe(CO)2(pdt)(dppv) was fully 
consumed. The solution was cooled in and ice bath, and filtered using a pad of Celite. The 
solvent was removed, and the solid was extracted with 50 mL of DCM. The solution was diluted 
with 150 mL of hexanes and cooled to 0 °C for several days.  Crystals of the name product were 
isolated and dried under vacuum.  Yield: 1.76 g (93%).  
1
H NMR (500 MHz, CD2Cl2, 20 °C): δ 
8.05 – 7.87 (m, 2H, P(CH)2P), 7.78 – 7.22 (m, 40H, Ph), 7.14 – 6.95 (m, 2H, P(CH)2P), 2.05 (s, 
1H, (SCH2)2CH2), 2.02 (s, 2H, (SCH2)2CH2), 2.00 – 1.93 (m, 2H, (SCH2)2CH2), 1.94 – 1.85 (m, 
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1H, (SCH2)2CH2), 1.04 – 0.91 (m, 2H, (SCH2)2CH2). 
31
P{1H} NMR (202 MHz, CD2Cl2): δ 
73.30 (d, JPP = 16.6 Hz, 2 P,  Fe2P), 57.58 (d, JPP = 16.5 Hz, 2 P,  Ni2P).  IR (acetone): CO = 
1946 (s) cm
-1
.  Anal. Calcd for C56H50BClF4FeNiOP4S2·CH2Cl2: C, 54.83; H, 4.20. Found: C, 
54.87; H, 4.05. 
(dppv)Ni(-pdt)Fe(dppv)(CO), [3]0. In a 500-mL Schlenk flask was dissolved [Cl3]BF4 (1.25 
g, 1.07 mmol) in 200 mL of acetone and stirred at room temperature. This solution was treated 
drop-wise with a solution of K[FeCp(CO)2] (0.464, 2.14 mmol) in 60 mL of distilled acetone. 
The reaction mixture was allowed to stir for ~50 min. and was then concentrated to ~100 mL.  
The solution was diluted with 100 mL of pentane and was cooled in an ice bath for 4h to yield a 
brown precipitate. The precipitate was isolated by cannula filtration while cold, and washed with 
2 x 30 mL of pentane. The precipitate was then extracted with 2 x 30 mL of cold toluene and 
filtered through a pad of Celite to isolate [3]
0
. The toluene was removed by vacuum and the 
remaining brown solid was recrystallized from 50 mL of THF and 150 mL of pentane at – 40 °C. 
Yield: 0.972 g (87 %).  
1
H NMR (500 MHz, C6D6): 8.08 - 6.93 (44H , Ph and P(CH)2P), 2.32 (m, 
2H, (SCH2)CH2), 1.79 (m, 1H, (SCH2)CH2), 1.56 (m, 1H, (SCH2)CH2); 2H, (SCH2)CH2). δ 
31
P{1H} NMR (202 MHz, C6D6):
 δ 89.16 (t, JPP = 13.6 Hz, 2P, Fe2P), 74.20 (dt, JPP = 30.1, 15.5 
Hz, 1P, Ni-P), 46.21 (dt, JPP = 28.3, 12.1 Hz, 1P, Ni-P).  IR (THF): CO = 1911 (sh), 1897 (s) 
cm
-1
. Anal. Calcd. For  C56H50FeNiOP4S2: C, 64.58; H, 4.84. Found: C, 64.17; H, 4.70. 
[(dppv)Ni(-H)(-pdt)Fe(dppv)(CO)]OTf, [H3]OTf. In a 100-mL Schlenk flask was dissolved 
[3]
0 (0.10 g, 0.10 mmol) in 20 mL of THF.  The brown solution was treated with triflic acid (10 
uL, 0.11 mmol) using a micro-pipette to produce an orange solution.  An FTIR spectrum 
confirmed that starting material was fully consumed.  The solution was concentrated to ~10 mL.  
The concentrated solution was layered with 10 mL of pentane and cooled to - 40 °C for four 
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days. Orange crystals were formed and isolated by decanting the filtrate. The crystals were 
washed with 2 x 15 mL pentane and dried under vacuum.  Yield: 0.114 g (99%). Unsymmetrical 
isomer: 
1
H NMR (500 MHz, d3-MeCN, 20 °C): δ – 4.27 (t, 
2
JPH = 35.3 Hz, 1H, Fe(-H)Ni). 
31
P{1H} NMR (202 MHz, d3-MeCN, 20 °C)  δ 87.79 (s, 2P, Fe2P), 69.14 (s, 2P, Sym.Ni-2P). 
Unsymmetrical isomer:  
1
H NMR (500 MHz, d3-MeCN, 20 °C): δ – 5.80 (t, 
2
JPH = 42.3 Hz, 1H, 
Fe(-H)Ni). 31P{1H} NMR (202 MHz, d3-MeCN, 20 °C)  δ 93.43 (s, 1P, FeP), 79.43 (s, 1P, 
FeP), 73.46 (s, 2P, Ni-2P). IR (THF): CO = 1962 (m), 1952 (s) cm
-1
.  Anal. Calcd for 
C57H51F3FeNiO4P4S3: C, 57.45; H, 4.31. Found: C, 57.22; H, 4.41. 
[(dppv)Ni(-H)(-pdt)Fe(dppv)(CO)]BF4, [H3]BF4. In a 250-mL Schlenk flask was dissolved 
was dissolved [3]
0 (0.500 g, 0.48 mmol) in 75 mL. The brown solution was treated with 
HBF4·Et2O (0.1M, 0.5 ml, 0.05 mmol) to produce an orange solution. The solution was 
concentrated to half volume and layered with 100 mL of pentane at 0 ºC. Small orange crystals 
formed and were isolated by filtration and dried under vacuum. Yield: 0.485 g (90%). Crystals 
contained only the unsymmetrical isomer. 
1
H NMR (500 MHz, CD2Cl2, 20 °C): δ 8.10 (t, 
2
JPH = 
8.3 Hz, 2H, P(CH)2P)), 7.71-7.12 (m, 40H, Ph), 6.91 – 6.77 (m, 2H, P(CH)2P), 1.54 (t, JHH = 
14.4 Hz, 1H, (SCH2)CH2 ), 1.36 – 1.23 (m, 1H, (SCH2)CH2), 1.09 (d, JHH = 15.8 Hz, 1H, 
(SCH2)CH2), 0.96 (d, JHH = 12.7 Hz, 1H, (SCH2)CH2), 0.89 (d, JHH = 7.3 Hz, 1H, (SCH2)CH2), 
0.09 (d, JHH = 12.8 Hz, 1H, (SCH2)CH2), -5.79 (t, 
2
JPH = 42.3 Hz, 1H, Fe(-H)Ni). 
31
P{1H} 
NMR (202 MHz, CD2Cl2, 20 °C) δ 87.82 (s, 1P, FeP), 80.60 (s, 1P, FeP), 72.82 (s, 2P, Ni2P). IR 
(THF): CO = 1963 (sh), 1951 (s) cm
-1
.  
 [(dppv)Ni(-H)(-pdt)Fe(dppv)(CO)]BArF4, [H3]BAr
F
4.  In a 50-mL Schlenk flask was 
dissolved [H3]OTf (0.071 g, 0.06 mmol) in 10 mL THF. The solution was treated with NaBAr
F
4 
(0.058 g, 0.065 mmol) and heated to 35 °C for 5 mins. The solution was then cooled to room 
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temperature, and filtered. The filtrate was dried under vacuum for several hours to obtain an 
orange solid. Symmetrical isomer: 
1
H NMR (500 MHz, C6D6, 20 °C): δ -4.37 (t, JPH = 34.0 Hz, 
1H, Fe(-H)Ni). 31P{1H} NMR (202 MHz, C6D6, 20 °C) δ 88.17 (s, 2P, Fe2P), 68.38 (s, 2P, 
Ni2P). Unsymmetrical isomer: 
1
H NMR (500 MHz, C6D6, 20 °C): δ 8.45 – 6.84 (m, 52 H, Ar), 
6.42- 6.21 (m, 4 H, P(CH)2P,  1.71 – 1.60 (m, JHH = 11 Hz, 1H, (SCH2)CH2 ),  1.49 (d, JHH = 
14.1 Hz, 1H, (SCH2)CH2), 1.45 – 1.35 (m, 1H, (SCH2)CH2), 1.03 – 0.95 (m, 2H, (SCH2)CH2), 
0.10 (t, JHH = 13.5 Hz, 1H, (SCH2)CH2),  - 5.77 (t, 
2
JPH = 42.5 Hz, 1H, Fe(-H)Ni). 
31
P{1H} 
NMR (202 MHz, C6D6, 20 °C) δ 87.82 (s, 1P, Fe-P), 80.60 (s, 1P, Fe-P), 72.82 (s, 2P, Ni-2P). IR 
(THF): CO = 1953 (s), 1960 (sh). 
 [(dcpe)Ni(-H)(-pdt)Fe(PPh3)(CO)2]BF4, [H4]BF4. In a 100-mL Schlenk flask was dissolved 
(dcpe)Ni(-pdt)Fe(CO)3 (0.05 g, 0.069 mmol) in 10 mL of THF. The solution was treated with a 
solution of HBF4·Et2O (0.08 M, 87 uL, 0.069 mmol) in CH2Cl2 causing an immediate color 
change from brown to orange. PPh3 (0.09 g, 0.34 mmol) was added to the solution and it was 
refluxed for 1.5 h. The solution was layered with 20 mL of hexanes and cooled to 0 °C until a 
greasy orange product was produced. Yield: 10.5 mg (15 %).
1
H NMR (500 MHz, CD2Cl2, 20 
°C): δ -2.77 (d, 1H, JPH = 38.1 Hz, Fe(-H)Ni).
31
P{1H} NMR (202 MHz, CD2Cl2, 20 °C)  δ 
89.89 (s, 1P, PPh3). IR (CH2Cl2): CO = 2012 (s), 1959 (s) cm
-1
. 
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Chapter 3. Reactivity of Mixed-Valence Ni(-H)Fe Complexes with Acids 
Introduction  
When this Ni(-H)Fe-tetraphosphine project was started, the goal was to increase the 
electron density of the metal centers enough to electrochemically oxidize them. Due to the 
absence of terminal anionic ligands on both metal sites, it was hypothesized that the desired 
mixed-valence Ni(-H)Fe2+ would not be isolable. Still, they were pursued because the 
spectroscopic measurements would be of interest to compare to the paramagnetic Ni-C state of 
NiFe-H2ases.
1
 Both of these hypotheses proved to be true, but a finding more interesting and 
puzzling was seen in the electrochemical experiment.  It was found that the Ni(-H)Fe+/0  couple 
was fully or greatly reversible for the tetraphosphine complexes. This allowed us to 
spectroscopically study bimetallic paramagnetic metal hydride complexes. These paramagnetic 
complexes differed from the NiFe-H2asess in oxidation states, but were of interest because of the 
rarity of the paramagnetic metal-hydrides. As was discussed in Chapter 1-2, the NiFe-H2ases 
have been shown to exist in various paramagnetic states, two of which participate in the catalytic 
cycle (Scheme 3.1).  
 
Scheme 3.1. States of the NiFe-H2ases, including paramagnetic (S = ½) states. 
86 
 
The paramagnetic Ni-A, Ni-B, Ni-C and N-L states of NiFe-H2ases have been 
characterized extensively by EPR,
2-4
 XAS,
5,6
 and FTIR
1
 spectroscopy. The Ni-C state is 
especially interesting because it contains a paramagnetic metal-hydride.
2,3,7
 Paramagnetic metal-
hydride models have eluded researchers because of the difficulty in synthesizing NiFe complexes 
with terminal anionic ligands on Ni. It has been proposed that complexes of the type (SR2)Ni(-
SR)2Fe(CO)L2 (L = phosphine, CO; SR = thiolate) would yield Ni(III) derivatives and better 
model the enzyme. 
8,9
 The enzymes reach the higher oxidation states because the thiolate ligands 
(cysteinate) are part of the protein, as seen in multiple crystallographically characterized 
H2ases.
10,11
 In model complexes, oligomerization or ligand dissociation have prevented synthesis 
of tetrathiolate NiFe complex (See Chapter 1). The Tatsumi group has come close to this goal 
with their synthesis of the trithiolate complex [Fe(CO)2(CN)2(μ-(SCH2)2CH2)Ni(S2CNR2)]
-
, and 
the trimetallic complex [(CO)3Fe(-nbdt)Ni(-nbdt)Fe(CO)3] (nbdt = norbornane-exo-2,3-
dithiolate). 
12,13
The use of phosphines in place of terminal thiolates and cyanide ligands has 
favored Ni(I)Fe(I) and Ni(-H)Fe+ complexes, but not higher oxidation states derivatives. 
The reduced Ni-L state of NiFe-H2ase has been characterized as a Ni(I)Fe(II) 
complex.
1,14
 The Ni-L state has been shown to have a basic M-M bond, and could be part of the 
catalytic cycle for hydrogen processing.
15
 Examples of paramagnetic Ni(II)Fe(I) complexes have 
been previously published that are related to these complexes, albeit with incorrect oxidation 
states.
16
 Here, we show an example that is better described as Ni(I)Fe(II) by isotope labeling 
studies and DFT calculations.  
Previously, Ni(-H)Fe+/0  phosphine complexes were shown to catalyze hydrogen 
production from acids. A mixed-valence hydride-containing  intermediate was implicated, which 
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was not isolated due to its instability, as suggested by cyclic voltammetry.
17,18
 It  was also shown 
that increasing the electron density at the metal centers increased the rates of hydrogen 
production.
18
 By changing the diphosphine on [(diphosphine)Ni(-pdt)(-H)Fe(CO)3]BF4  from 
dppe to dcpe ( R = Ph versus Cy), the rates of hydrogen production were increased from 20 s
-1  
to 
50 s
-1
.
18
 A similar effect was observed by substituting  one CO ligand on the iron center of 
[(dppe)Ni(-pdt)(-H)Fe(CO)3]BF4 with PPh3.
17
 Here, optimized conditions lead to rates of 
hydrogen production measured up to 310 s
-1
, albeit with a large overpotential being applied.  
  These improvements are still insufficient to match those of the enzymes (700 s
-1
), but 
give significant insight on how to improve the rates.
19
 By making the mixed-valence catalyst 
more stable, their spectroscopic properties and reactivity with acids can be probed and compared 
to those of the enzymes. In Chapter 2 the synthesis and spectroscopic characterization of 
diamagnetic complexes that serve as precursors to the mixed-valence complexes were 
extensively described. Scheme 3.2 shows a summary of these diamagnetic complexes, which in 
the case of the Ni-H)Fe complexes exists as a a mixture of rotational isomers. 
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Scheme 3.2. Representations of the symmetrical (Sym) and unsymmetrical (Unsym) rotations 
isomers of [(diphosphine)Ni(-H)(-pdt)Fe(diphosphine’)(CO)]+ complexes ([H1]+, [H2]+, 
[H3]
+
). Representations of enantiomers of [(dppv)Ni(-pdt)Fe(dppv)(CO)]0 with a proposed 
transition state ([3]
0
). 
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Electrochemical and chemical oxidation of Ni(-H)Fe+ complexes  
Cyclic voltammograms (CV) of previously reported Ni(-H)Fe+ phosphine complexes 
dot not show any anodic peaks for Ni(-H)Fe+/2+ couples.17,18 In comparison, the tetraphosphine 
complexes [(dppe)Ni(-H)(-pdt)Fe(diphosphine)(CO)]BArF4, (diphosphine = dppe, [H1]BAr
F
4;  
dppBz,  [H2]BAr
F
4 exhibit minimally reversible oxidations in CH2Cl2 near 0.15 V vs Fc
0/+
 (all 
potentials in this chapter are referenced to Fc
0/+
 = 0 V). The instability of the oxidized complexes 
[H1]
2+ 
and [H2]
2+ 
is revealed by the current ratio (ipa/ipc) for the anodic (ipa) and the cathodic (ipc) 
currents of the Ni(-H)Fe+/2+ couple (2.2 and 2.6 at 500 mV/s respectively). Still, it was 
proposed that the oxidized complex [H1]
2+ 
 would be sufficiently stable to observe it by FTIR at 
low temperatures (Figure 3.1). 
 
 
 
 
 
 
Figure 3.1. Cyclic voltammograms of [H1]BAr
F
4 (left) and  [H2]BAr
F
4 (right) in CH2Cl2 at 
various scan-rates. Conditions: 1 mM analyte, 0.1M [Bu4N]PF6 electrolyte, glassy carbon 
working electrode, Ag pseudo-reference electrode, and Pt wire counter electrode. 
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 Chemical oxidation of [H1]BAr
F
4 was achieved using [FeCp(AcC5H4)]BAr
F
4, and was 
monitored by in situ FTIR in THF at -75 °C (Figure 3.2). Upon increasing the temperature to -40 
°C, the peak for [H1]
2+
 disappears due to decomposition. The large shift in CO (68 cm
-1
) 
indicates a drastic change in electron density at the Fe center. The change in IR frequencies 
observed for NiFe-H2ases during oxidations of Ni
II
(-H)FeII to NiIII(-H)FeII (Ni-R to Ni-C) have 
been reported in the range of 13 - 28 cm
-1
.
 1,14
 The difference in magnitude of these shifts 
suggests that the shift of [H1]
+/2+
 is for a Fe-based oxidation (Fe
II 
to Fe
III
). This may be explained 
by the shorter Fe-H bond (1.555 Å) versus the Ni-H bond (1.847 Å) observed in the molecular 
structure of [H1]
+
, which will better stabilize an increase in positive charge at the Fe site versus 
the Ni site (see Chapter 2 for crystallographic data). Overall, these findings highlight the need for 
terminal anionic ligands on the Ni center to more accurately model the Ni-C state of 
hydrogenases. 
 
Figure 3.2. In situ FTIR of [H1]
+ 
and its one electron oxidized product [H1]
2+ 
in THF at -78 °C. 
91 
 
Electrochemical reduction of Ni(-H)Fe+ tetraphosphine complexes  
 CV studies also revealed that the tetraphosphine Ni(-H)Fe complexes, [H1]+, [H2]+, and 
[H3]
+
 could be reversibly reduced in either CH2Cl2 or MeCN (Table 3.1, Figure 3.3). The CV of 
[H1]
+/0
 and [H2]
+/0
 display two cathodic events separated by 40-90 mV, but only one anodic 
event on the reverse scan. The current ratios (ipa/ipc) of the earliest cathodic event and the anodic 
event for both complexes are greater than one, which revealed that a second anodic peak may 
present but overlapping with the first. The overlap of the cathodic peaks prevents an accurate 
calculation of ipa/ipc, but these can be estimated in MeCN for which the overlap is lessened 
(Table 3.1). The anodic peaks of [H1]
+/2+
 and [H2]
+/2+
 are still present after the reverse scan of 
the cathodic events, which also indicates that at least one of the isomers of the reduced species, 
[H1]
0
 and [H2]
0
,
 
are stable on the time-scale of the experiment (Figure 3.3). 
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Figure 3.3. Cyclic voltammograms of [H1]
+/0
 (top) and  [H2]
+/0
 (middle) in CH2Cl2 at various 
scan-rates. Cyclic voltammograms of [H1]
+/0
 and  [H2]
+/0
 at 200 mV/s showing +/2+ couples 
(bottom). Conditions: 1 mM analyte, 0.1M [Bu4N]PF6 electrolyte, glassy carbon working 
electrode, Ag pseudo-reference electrode, and Pt wire counter electrode. 
 
93 
 
Table 3.1. Redox potentials (V vs Fc
0/+
), current ratios (ipa/ipc), rates of hydrogen production 
from weak acids (s
-1
), and overpotentials (V) for tetraphosphine Ni(-H)Fe complexes in both 
MeCN and CH2Cl2. All events were recorded using a glassy carbon working electrode at 100 
mV/s scan rates. 
Calculations in CH2Cl2 
Redox 
Couple 
E½ 
a
 ipa/ipc
a
 
Rates 
(ClH2CO2H)
d
 
Estimated overpotential 
(ClH2CO2H)
d,e
 
[H1]
+/0
 -1.61
b
, -1.65
b
 > 1 23 0.85 
[H2]
+/0
 -1.61
b
,  -1.7
b
 > 1 30.3 0.85 
[H3]
+/0
 -1.54 0.84 310 0.75 
a
 Conditions: 1 mM catalyst, 0.1M [TBA][PF6] or [TBA][BF4] electrolyte, glassy carbon electrode, 100 mV/s scan-
rate. 
b
 Ec is given instead of E1/2 due to the overlap of the cathodic and anodic peaks of the two isomers.   
c
 ipa/ipc for peaks that were reported as E1/2 only (not Ec) 
d 
Acid used for hydrogen production.
 
 
e 
EH/H2 are not available for CH2Cl2.. Overpotentials in CH2Cl2 are an underestimation since the EH/H2 used are for 
MeCN. 
   
CVs of [H3]
+/0
 show one cathodic peak for the mixture of isomers in CH2Cl2 or MeCN 
(Figure 3.4). The current ratio (ipa/ipc) of [H3]
+/0
 is 0.94 at 100 mV/s in MeCN, and at faster scan-
rates (300 to 500 mV/s)  ipa/ipc plateaus at 0.96. This current ratio indicates that a metastable 
mixed-valence product is being formed. The observation of only one peak suggests that a fast 
equilibrium occurs on the experiment time-scale. FTIR data and NMR shifts provided in Chapter 
2 demonstrate the electronic similarities of all isomers of [H1]
+
 and [H2]
+
 to those of [H3]
+
. Due 
to these similarities, it is unlikely that any isomer of [H3]
+
 would not be reduced within the scan-
window used in the CV experiments. Additionally, the current of the cathodic peaks for [H3]
+/0 
is 
nearly two-times higher than that of each peak of [H1]
+/0
 and [H2]
+/0
 under the same conditions. 
Calculations in MeCN 
Redox 
Couple 
E½ 
a
 ipa/ipc
a
 
Rates 
CF3CO2H  
Overpotential 
(CF3CO2H)
 d
 
Rates 
(ClH2CO2H)
 d
   
Overpotential 
(ClH2CO2H)
d,e
 
[H1]
+/0
 
-1.50, 
-1.59
b
 
0.52
c
 18 0.81 - - 
[H2]
+/0
 
-1.47, 
-1.57
b
 
0.68
c
 40 0.81 - - 
[H3]
+/0
 -1.48 0.94 36 0.73 23 0.69 
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These observations demonstrate that the isomers of [H3]
+/0
 are equilibrating faster than those for 
[H1]
+/0
 and [H2]
+/0
  on similar experimental time-scales.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4. Cyclic voltammograms of [H1]
+/0
, [H2]
+/0
 and [H3]
+/0
 in MeCN. Plot of ipa/ipc versus 
scan-rate
1/2
 for [H3]
0/+
 (bottom). Conditions: 1 mM analyte, 0.1M [Bu4N]PF6 electrolyte, glassy 
carbon working electrode, Ag/AgCl reference electrode, and Pt wire counter electrode. 
 
In comparison to the sterically stabilized tetraphosphine Ni(-H)Fe complexes, 
reductions are less reversible for the related di- and tri-phosphine Ni(-H)Fe complexes.17,18 The 
cations [(dppe)Ni
II
(-pdt)(-H)FeII(CO)3]
+
 and [(dppe)Ni
II
(-pdt)(-H)FeII(CO)2(PPh3)]
+
 each 
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show ipa/ipc = 0.26 and 0.06 respectively at 100 mv/s in MeCN.
17
 However, the tri-phosphine 
complex [(dppe)Ni
II
(-pdt)(-H)FeII(CO)2(P(OPh)3)]
+
  is almost completely reversible, ipa/ipc = 
0.93, at 100 mv/s.
17,18
 This trend suggests that increased steric bulk is required, but is not 
sufficient, to stabilize the reduced Ni(-H)Fe0.  
A solvent dependence is observed for all complexes. While all of the tri- and tetra-
phosphine complexes containing Ni(dppe) exhibit greater redox reversibility in CH2Cl2 than in 
MeCN, [H3]
+/0 
displays the opposite trend. It is proposed that the decomposition of tri- and tetra-
phosphine Ni(-H)Fe0 complexes with Ni(dppe) occurs via ligand dissociation, which has been 
observed for the [H1]
+
 and [H2]
+ 
(see Chapter 2). This ligand dissociation may be favored in the 
more polar MeCN solvent, leading to less reversible +/0 couples. The [H3]
+/0 
complex,
 
which 
contains Ni(dppv), is proposed to be subject to decomposition by loss of a hydrogen atom 
(Scheme 3.3). This decomposition would be accelerated by having a phosphine trans to the 
hydride ligand, as is observed for Unsym-[H3]
+ 
versus the Sym isomer. NMR studies revealed 
that the Unsym – Sym equilibrium lies more to the Unsym side in CH2Cl2 than for MeCN, which 
may be relevant to the increased stability of [H3]
+/0 
in MeCN versus CH2Cl2.  
 
Scheme 3.3. Reduction of [H3]
+ 
to [H3]
0 
followed by proposed decomposition via  to the Ni
I
Fe
I 
complex [3]
0
 
 
The loss of a hydrogen atom ligand upon reduction of [H3]
+
 is comparable to the loss of 
chloride from [(dppv)Ni
II
(-pdt)(-Cl)FeII(CO)(dppv)]BF4 ([Cl3]BF4) upon a two-electron 
reduction with K[FeCp(CO)2] The CV of [Cl3]
+/- 
is
 
completely irreversible with a Ec = -1.73 V in 
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CH2Cl2 (Figure 3.5). Chemical reduction with two equiv of reducing agent lead to the chloride-
free Ni(I)Fe(I) complex, and 50% of the Ni(I)Fe(I) complex when one equiv of reducing agent is 
used.  
 
Figure 3.5. Cyclic voltammogram of [Cl3]
+/- 
in CH2Cl2.
 
Conditions: 1 mM analyte, 0.1M 
[Bu4N]PF6 electrolyte, glassy carbon working electrode, Ag/AgCl reference electrode, and Pt 
wire counter electrode. 
 
 
Catalytic Reduction of Acids and Production of Hydrogen 
All the Ni(-H)Fe+ complexes discussed so far are catalysts for hydrogen evolution. 
Addition of CF3CO2H (pKa
MeCN
 = 12.7)
20
 or ClCH2CO2H (pKa
MeCN
 = 15.3) to solutions of [H1]
+
,  
[H2]
+
, or [H3]
+
 resulted in increased currents, having onset potentials coinciding with the 
cathodic peaks. These observations are consistent with those of the di- and tri-phosphines 
previously reported, which indicate that the [Ni(-H)Fe]+ must be reduced prior to reaction with 
acids.
17,18
 Under optimized conditions (ClCH2CO2H acid in CH2Cl2) [H3]
+/0 
showed the highest 
catalytic activity for hydrogen production with a turnover frequency of 310 s
-1 
(Table 3.1, Figure 
3.6).  
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Figure 3.6. Cyclic voltammograms of [H1]
0/+
,
 
 [H2]
 0/+
 and [H3]
 0/+
 in CH2Cl2 with increasing 
amounts of ClH2CO2H. Plot of ipcat/ip0 versus acid concentration with currents corrected for the 
glassy carbon contribution (bottom). Conditions: 1 mM analyte, 0.1M [Bu4N]PF6 electrolyte, 
glassy carbon working electrode, Ag pseudo-reference electrode or Ag/AgCl reference electrode, 
and Pt wire counter electrode.  
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Figure 3.6 (cont.).  
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The rates of hydrogen production are faster for complex [H3]
+/0
 (Ni(dppv) complex) 
versus [H1]
+/0
 and [H2]
+/0 
(Ni(dppe) complexes). Equilibrium constants (KUnsym/Sym) measured in 
CH2Cl2 are 1.4, 2, and 8 for [H1]
+
,
 
[H2]
+
, and [H3]
+ 
respectively.  In the Unsym isomer the 
hydride ligand is perhaps more hydritic due to the mutually trans-phosphine, which may yield 
better rates for heterocoupling of the hydride and a proton to form hydrogen (Scheme 3.4). If the 
equilibrium constants for the Ni(-H)Fe+ isomers remain upon reduction to Ni(-H)Fe0 , then 
[H3]
0 
 would be predictably the faster catalyst since KUnsym/Sym is greater than for [H1]
+
 and
 
[H2]
+
. 
 
Scheme 3.4.Proposed rotational isomers (Unsym and Sym) of the mixed-valence complex [H3]
0
  
 
 The molecular structures of [H1]
+
,
 
[H2]
+
, and [H3]
+
 may explain why the order of 
KUnsym/Sym is as observed experimentally. To evaluate this effect the ring-flip isomers of each 
Unsym and Sym complex must be considered (Scheme 3.5).  The twist-angle of the 
Ni(pdt)(diphosphine) are 28.04°, 25.11°, and 15.96° for [H1]
+
,
 
[H2]
+
, and [H3]
+
 respectively. It 
is proposed that the smaller twist-angle (or more square-planar geometry) of Ni(pdt)(dppv) 
relative to Ni(pdt)(dppe), decreases steric repulsion between the pdt
2-
 bridge the Ni(dppv). The 
decrease in steric repulsion would then lower the energy of the Unsym isomers by equilibrating 
the ring-flip isomers (Scheme 3.5). 
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Scheme 3.5. Rotational (horizontal) and ring-flip (vertical) isomers of [H3]
+
. 
 
  Precedent to support this proposal is shown in the faster rates of hydrogen production 
observed when the pdt
2-
 bridge of [(dppe)Ni
II
(-pdt)(-H)FeII(CO)2(PPh3)basal]
+
  is replaced with 
edt
2-
  (1,2-ethanedithiolato).
17,18
 The rates of hydrogen production increase from 50 s
-1 
with pdt
2-
 
to 60 and 120 s
-1 
for edt
2-
. The [(dppe)Ni
II
(-edt)(-H)FeII(CO)2(PPh3)]
+ 
complex exists as two 
rotational isomers (apical PPh3 versus basal PPh3), with distinguishable CVs. While one isomer 
exhibits rates of 120 s
-1
, the other has rates of 60 s
-1
, which is not a statistically significant 
difference when compared to the pdt
2-
 analog. The  two-fold difference observed for rates of 
hydrogen production for the rotational isomers of the edt
2-
 is however significant (Scheme 
3.6).
17,18
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Scheme 3.6. Depiction of all isomers of [(dppe)Ni
II
(-pdt)(-H)FeII(CO)2(PPh3)basal]
+
  and 
[(dppe)Ni
II
(-edt)(-H)FeII(CO)2(PPh3)]
+
.  
 
 
  The catalytic rates can be calculated by use of equation 3.1 derived by DuBois and 
coworker.
21
 This equation does not take into account the concentration of acid, and therefore can 
only be used when the current increases of the CV are independent of acid concentration (i.e. the 
acid-independent region).  
𝑘 =  [𝑖𝑝𝑐𝑎𝑡/𝑖𝑝0 (0.4463/𝑛)]2(𝐹𝑛/𝑅𝑇)  (3.1) 
n = no. of electrons transferred = 2 
𝑅 =  8.31 𝐽/𝑚𝑜𝑙𝐾 
𝑇 =  298 𝐾 
𝐹 =  96485 𝐶  
𝜈 =  𝑠𝑐𝑎𝑛 𝑟𝑎𝑡𝑒 (𝑉/𝑠) 
𝑖𝑝𝑐𝑎𝑡 =  𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑖𝑛 𝑝𝑟𝑒𝑠𝑒𝑛𝑐𝑒 𝑜𝑓 𝑎𝑐𝑖𝑑 
𝑖𝑝0 =  𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑖𝑛 𝑎𝑏𝑠𝑒𝑛𝑐𝑒 𝑜𝑓 𝑎𝑐𝑖𝑑 
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The glassy carbon electrode used for the electrochemical experiments can also reduce 
acids at the applied potentials.
22
 The current generated during reduction of an acid by the glassy 
carbon electrode must therefore be subtracted from those of the cyclic voltammograms acquired 
in the presence of catalyst (Figure 3.7). The currents measured from the control at the onset 
potential of catalysis for each experiment represented in Figure 3.6 were subtracted before 
calculating rates of catalysis. 
 Due to the negative potentials being applied to reduce the tetraphosphine Ni(-H)Fe 
complexes, large overpotential  ()  values are observed (Table 3.1). Overpotentials can be 
defined in this case as the excess energy that must be applied to reduce an acid catalytically (Ecat) 
relative to the standard reduction potential of the acid (EºH+/H2) eq 3.2.
23
 Minimizing the 
overpotential remains a challenge that must be met before the complexes studied here can be 
used as efficient catalysts in electrochemical cells.  
 
𝑂𝑣𝑒𝑟𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 (𝜂)  =  𝐸º𝐻+/𝐻2 –  𝐸𝑐𝑎𝑡 (3. 2) 
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Figure 3.7. Control experiment for the catalytic reduction of ClH2CO2H  in CH2Cl2 using a 
glassy carbon electrode. Fc was added after the last voltammogram was recorded, which was 
used as an internal reference. Conditions: 1 mM analyte, 0.1M [Bu4N]PF6 electrolyte, glassy 
carbon working electrode, Ag/AgCl reference electrode, and Pt wire counter electrode.  
 
 
Bulk electrolysis experiments with [H3]
+/0
  
The production of hydrogen was confirmed via gas chromatography by analyzing the 
headspace gas during a bulk electrolysis experiment with [H3]
+/0
.  Electrolysis for 1 h yielded a 
Faradaic efficiency of ~ 93 % H2 (details below). Electrolytic production of H2 continued for 
over 2 h with little loss of activity, with a turnover number (TON) of 19.1 mol H2/mol catalyst. 
The experiment was halted due to pressure build-up with H2 production causing solution leakage 
into the reference electrode compartment (Figure 3.8).  For this experiment, MeCN was used as 
the solvent because the [H3]
+/0 
redox couple is more reversible than in CH2Cl2 solution.  
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Figure 3.8. A picture of the bulk electrolysis cell used for production of hydrogen in large 
quantities. 
 
The bulk electrolysis and gas chromatography experiment is a useful method for 
quantifying the amount of gas being produced during a catalytic experiment. It is however not an 
accurate method for calculating the rates of hydrogen production, because not all the catalyst 
participates at all times during the experiment. Figure 3.8 shows the electrochemical cell used for 
the bulk electrolysis experiment, which in this case utilizes a mercury pool as the working 
electrode. Mercury has a much lower background current than glassy carbon (or platinum).
22
 
To calculate the amount of hydrogen being produced during the bulk electrolysis 
experiment, CH4 (97% purity) was added as an internal standard. After one hour of electrolysis, a 
sample of the head-space gas was drawn with a gastight syringe, and analyzed by gas 
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chromatography. The yield of hydrogen was used to calculate the Faradaic efficiency (mol of H2 
per Farad) using the calculations described below (eq 3.3 – 3.4). From the calculated Faradaic 
efficiency (~ 93 % for [H3]
0/+
) the yields of hydrogen at other points of the experiment can be 
estimated without having to draw more gas samples as long as the charge continues to increase at 
the same rate (constant current). A plot of charge versus time is used to monitor the catalytic 
activity (Figure 3.9).  
Figure 3.9. Indirect determination of TON from reduction of ClH2CO2H by [H3]
0/+
 (red) and by  
a Hg pool working electrode (black). Conditions: 1 mM [H3]BF4 in MeCN, 0.1 M [Bu4N]BF4, 50 
mM ClH2CO2H, - 1.8 V vs Fc
0/+
 potential. 
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Calculating turnover number from charge (Q) obtained during the bulk electrolysis 
experiment:  
A) Determine Faradaic yield at 60 min from charge (Q) measured and by sampling headspace 
gas. 
Expected mmol H2at 60 min =
Q60min x 1mol e
− 96485 C⁄   x 1mol H2  2 mol  e
−⁄  x 1000 = 0.083 mmol H2   (3.3) 
96485 C =  1 Farad (mole of electron)  
Q60min  =  16 C (from Figure 3.9) 
Actual mmol H2 at 60 min =  Area H2 Area CH4⁄  x 1 γ⁄  x mmol CH4  =  0.077 mmol H2 
(3.4) 
γ = ratio of retention factors for CH4 and H2 = 4.2 (specific to GC used) 
AreaH2 AreaCH4⁄ = 3.73 
 CH4 added = 0.86 𝑚𝑚𝑜𝑙  
𝐅𝐚𝐫𝐚𝐝𝐚𝐢𝐜 𝐲𝐢𝐞𝐥𝐝 (𝐚𝐭 𝟔𝟎 𝐦𝐢𝐧): 0.077 0.083⁄  x 100 = 92.8 %   (3.5) 
B) Calculate mmol of H2 at other times (T) from charge, without sampling headspace gas. 
Q129min =  20.86 C 
mmol H2at 129 min =
 2.86 C x 1mol e− 96485 C⁄   x 1mol H2  2 mol  e
−⁄  x 1000 x 0.928 = 0.095 mmol H2  
𝐓𝐎𝐍𝟏𝟐𝟗𝐦𝐢𝐧   =  0.095 mmol H2 0.005 mmol [𝐻𝟑]
+/0⁄ = 19.1   (3.6) 
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Chemical reduction of [H1]
+
,
 
[H2]
+
,
  
and [H3]
+
 and their reactivity with acids  
DFT analysis included in this chapter were contributed by Mioy Huynh and Sharon 
Hammes-Schiffer (UIUC) 
 The synthesis of a stable mixed-valence hydride complex was pursued because the cyclic 
voltammetry studies indicated that the [H3]
+/0
 couple proceeds with good chemical reversibility. 
Treatment of THF solutions of [H3]
+ 
with
 
one equiv of CoCp*2 at room temperature cleanly 
afforded a new complex with a CO signal 25 cm
-1
 lower in energy than the parent cation (Figure 
3.10). Similar results were obtained for reductions of [H1]
+
 and [H2]
+
. The clean formation of 
the reduced complexes was confirmed by high resolution ESI MS.  
 
Figure 3.10. FTIR of [H1]BAr
F
4, [H2]BAr
F
4,
 
and [H3]BAr
F
4 in THF solution (solid lines), and 
freshly prepared solutions of their respective reduction products (dashed lines) upon treatment 
with CoCp2
* 
in THF at 25 °C.  
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The magnitude of the CO FTIR shifts upon reduction of the tetraphosphine Ni(-H)Fe
+
 
complexes are small in comparison to other Fe-based reductions (Fe(II) to Fe(I)) (Table 3.2). For 
example, the mixed-valence hydride complex [CO(dppv)Fe(-pdt)(-H)Fe(dppv)(CO)]+/0 
 
exhibits a shift in FTIR frequencies of nearly double that of the tetraphosphine Ni(-H)Fe+/0 
complexes. It is therefore proposed that the reduction observed here is Ni-based (Ni(II) to Ni(I)). 
The observation of an Fe-based oxidation of [H1]
+
/
2+
 is in agreement with this assignment 
(Figure 3.2, Table 3.2). 
 
Table 3.2. Shifts in FTIR frequencies for one-electron transfer reactions studied in this chapter, 
and from the literature for reference. 
Complex CO  exp. (cm
-1
) Reference 
[H1]
+/0
 29  This work 
[H1]
+/2+ 68  This work 
[H2]
+/0
 17  This work 
[H3]
+/0
 36.5 This work 
[CO(dppv)Fe(-pdt)(-H)Fe(dppv)(CO)]+/0 57 Wang, W; et al 
24
 
[(CO)2Fe[(μ-SCH2)2N(CH2C6H4-o-PPh2)] Fe(CO)2]
0/+
 58, 51, 81
b
  Zheng, D, et al
25
 
a 
the differences are for each one of the bands seen in the FTIR of the cation relative to the lone band of the product. 
b
largest shift due to conversion of bridging CO to non-bridging CO. 
 
 
EPR analysis of freshly prepared solutions of [H1]
0
, [H2]
0
 or [H3]
0
 in THF revealed 
complex spectra (Figure 3.11). The main features of the isotropic EPR spectra show a doublet-
of-doublet (dd) for all species. The spectrum of [H1]
0
 could not be simulated, but the simulations 
of the spectra of [H2]
0
 and [H3]
0
 were used to extracts g values and hyperfine coupling 
constants. The simulation of [H2]
0
 revealed the presence of two species with overlapping close 
g- values, and ddt splitting patterns. These species are proposed to correspond to two isomers of 
Sym-[H2]
0
 which differ in terms of the pdt
2-
 ring-flip (Figure 3.11). Similar ring-flip isomers 
109 
 
have been proposed for mixed-valence non-hydride NiFe complexes containing pdt
2- 
bridging 
ligands.
16
 
 
 
Figure 3.11. Top: X-band EPR spectrum of a mixture of isomers of [H2]
0
 in THF/toluene at 25 
°C (black) and simulation of the spectrum (red).  
 
 
Scheme 3.7. Proposed structures of the ring-flip isomers of [H2]
0
. 
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Table 3.3. Summary of fitting parameters (g value and coupling constants A, Hz) for simulations 
of EPR data collected for [H2]
0
 and [H3]
0
. 
Complex and multiplet Relative amounts  g value Coupling constant, AP (MHz) 
[H2]
0 
(ddt) 1 2.063 383 (d), 179 (d), 20 (t) 
[H2]
0 
(ddt) 0.35 2.062 371 (d), 202 (d), 19 (t) 
[H3]
0 
(ddt) 1 2.057 384 (d), 196 (d), 18 (t) 
[H3]
0 
(ddd) 0.04 2.031 377 (d), 164 (d), 30 (d) 
 
The EPR spectrum of a freshly prepared THF solution of [H3]
0 
exhibits two signals with 
similar intensities (Figure 3.12).  Upon standing at room temperature for < 10 min one of the 
signals decreases in intensity and two multiples can be clearly differentiated. The equilibrated 
spectrum can be simulated with g values of 2.057 and 2.031 in a 1:0.04 ratio for each isomer 
respectively.  
 
Figure 3.12. X-band EPR spectra of fresh THF solution of [H3]
0
 (red) at room temperature, and 
after standing at room temperature for 6 mins (black). 
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 The major species of [H3]
0 
exhibits coupling to four I = ½ atoms giving rise to a ddt 
multiple. Two large and inequivalent hyperfine coupling constants (AP) of 384 and 196 MHz 
form the doublet-of-doublets that is predominant. This multiplet is then split by two equivalent 
atoms into triplets with a hyperfine coupling constant of 18 MHz. The two smallest couplings are 
proposed to be Ap coupling constants for a Sym-[H3]
0
, due to their equivalency. The less 
abundant species has two large couplings of similar magnitude to those of the major species, 377 
and 164 MHz, which form a doublet-of-doublet. This multiplet is split by an additional I = ½  
nucleus with AP of 30 MHz, to generate the simulated ddt (Figure 3.13). It is proposed that the 
smaller species corresponds to the Unsym-[H3]
0
 (Scheme 3.7). 
 
Figure 3.13. Top: X-band EPR spectra of [H3]
0
 after equilibrating at room temperature [H3]
0
 
(black), simulation of spectra (red), and isotopically labeled (
57
Fe) congener [H3’]
0 
(blue).  
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Scheme 3.8. Proposed structured for the major (left) and minor (right) isomers of [H3]
0
 with 
hyperfine coupling constants A (MHz). 
 
The EPR spectrum of [H3]
0
 where Fe has been isotopically labeled with 
57
Fe exhibited a 
g value of 2.059, but did not provide measurable differences in coupling constant values. 
Although examples of EPR experiments using 
57
Fe have shown measurable difference in 
coupling constants relative to naturally abundant Fe samples, the small gyromagnetic ratio of 
57
Fe (1.4 MHz/T) can lead to coupling that is too small for detection using X-band EPR. The 
deuteride analog of [H3]
0 
could not be studied because of facile exchange with solvent. DFT 
calculations of the singly occupied molecular orbital (SOMO) support the assignment of 
Ni(I)Fe(II) by showing the unpaired electron density to reside mainly in a nickel-based orbital 
(Figure 3.14, Table 3.4). Based on these calculations, the two largest coupling constants have 
been assigned to phosphorus on Ni, while the smaller coupling values have been tentatively 
assigned to the Fe(dppv) phosphorus atoms. 
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Figure 3.14. Isocontour plot of the unpaired spin density for [H3]
0
 showing localization about 
the Ni coordination sphere.  The exact values are given in Table 5. 
 
Table 3.4. Calculated Bond Lengths (Å) and Spin Densities in Mixed Valence Hydride Species 
Complex ρ(Ni) ρ(Fe) ρ(2S) ρ(2PNi) Ni-Fe Ni-H Fe-H 
Sym-[H1]0 0.46 0.21 0.17 0.13 2.69 1.80 1.63 
Sym-[H2]0 0.46 0.21 0.17 0.13 2.69 1.80 1.63 
Unsym-[H3]
0
 0.41 0.28 0.14 0.12 2.65 1.73 1.60 
Sym-[H3]0 0.47 0.19 0.17 0.12 - - - 
 
As seen for related NiFe dithiolates, the spin densities are insensitive to the orientation of 
the pdt ring.
26-28
  The spin densities associated with the Unsym-isomer of the mixed-valence 
hydrides is similar. In all cases, the hydride ligand is asymmetrically bound, with a shorter 
distance to Fe than Ni (Table 3.4).   This asymmetry is consistent with the greater spin density on 
Ni, which does not have a bound hydride.  The unpaired spin density plot for [H3]
0
 is shown in 
Figure 9, and shows that the electron density is delocalized over the Ni, pdt, and dppv ligands.  
Based on the calculations the mixed valence hydride complexes are best described as Fe(II)-
hydrides ligated by a paramagnetic Ni(I) center. 
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Bimolecular hydrogen production by [H3]
0 
in the absence of acids 
FTIR and UV-vis analysis of freshly prepared [H3]
0 
revealed gradual conversion to [3]
0 
(eq 3.7, Figure 3.15). GC analysis of the headspace gas of a solution of [H3]
0 
after standing for 
3.6 h revealed that only 35 % hydrogen had been produced. Kinetic data could not be fit by 
simple first- or second-order rate laws. Quantitative production of [3]
0 
had not yet been reached 
after 3.6 h, as seen by FTIR using a calibration curve of [3]
0 
(Figure 3.16). Fitting of a 
concentration versus time curve obtained from the UV-vis analysis required implementation of 
two different rate constants. A portion of FTIR data acquired at various concentrations was fitted 
with an exponential growth function, yielding rate constants with magnitudes of 10
-4 
s
-1 
(Figure 
3.17). 
 
 
Figure 3.15. FTIR spectra for the conversion of [H3]
0
 to [3]
0 
in THF at 26 °C. (initial 
concentration of [H3]
0
 was 50 mM). 
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Figure 3.16. FTIR of various THF solutions of [3]
0 
at 26 °C (left). Calibration curve of [3]
0 
(right), ε = extinction coefficient. 
 
Figure 3.17. Top: FTIR spectra for the conversion of [H3]
0
 to [3]
0 
in THF at 26 °C (initial 
concentration of [H3]
0
 was 50 mM). Bottom: A plot of concentration versus time for [3]
0 
acquired in the presence and absence of the byproduct [CoCp2*]
+
. 
 
 As mentioned above, the experimental data (t1/2 and kobs) for the curves in Figure 3.15 do 
not fit first- or second-order expressions. Isomerization of the mixed-valence complexes, 
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concentration dependence, and interactions with byproducts are some of the reactions 
contributing to kobs for decomposition of [H3]
0
. In the absence of the reaction’s byproduct, 
[CoCp2
*
]
+
, the experimental data better first a first order rate equation. The magnitude of the rate 
of decomposition is however increased by a factor of ten in the absence of the byproduct 
[CoCp2
*
]
+
. This finding suggests that either [H3]
0 
or [3]
0
 are reacting with [CoCp2
*
]
+
.   
31
P{
1
H} 
NMR analysis of the reaction mixture of [H3]
+ 
+ CoCp2* in THF solution confirmed that [3]
0 
is 
the major product, and that subsequently the isomers of [H3]
+ 
are gradually regenerated. 
Furthermore, complete conversion of [H3]
0 
to the mixture of products requires > 17 h to be 
completed (Figure 3.18 – 3.19). 
 
Figure 3.18. 
31
P{
1
H} NMR of the product mixture for the reactions of [H3]
+ 
+ CoCp2*  after 2 d 
and 22 h in THF. Equimolar PPh4BAr
F
4 was added as an internal standard. 
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Figure 3.19. 
31
P{
1
H} NMR of the product mixture for the reactions of [H3]
+ 
+ CoCp2*  at 
various times in THF. Equimolar PPh4BAr
F
4 was added as an internal standard.  
 
Mechanistic studies for reaction of [H3]
0
 with acids 
 Freshly prepared solutions of the mixed-valance Ni(-H)Fe complexes react with acids 
to yield H2.  Treatment of [H3]
0
 with stoichiometric amounts of HBAr
F
4·2Et2O gave 35 (3) % of 
H2 relative to one mole theoretical (Table 3.4). The instantaneous reaction is indicated by an 
immediate color change from brown to orange concomitantly with the effervescence of 
hydrogen.  A 
31
P{
1
H} NMR spectrum recorded after the addition of acid in the presence of an 
internal standard (PPh4BAr
F
4) confirmed that [H3]
+
 was produced in 96%  yield (Figure 3.20). 
These experimental findings contradict the hypothesis for the stoichiometric production of H2, 
concurrent with formation of a new hydride-free complex (eq 3.8).   Based on these results, it is 
propose that the process is best described by eq 3.9, which would yield up to half a mole 
equivalent of H2. 
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Figure 3.20. Products from the reaction of freshly prepared [H3]
0
 with one equiv of HBAr
F-
4·2Et2O in the presence of equimolar PPh4BAr
F
4. Yield calculations derived from integration of 
the Fe(dppv) peaks of each isomer formed are displayed as an insert 
 
Hydrogen evolution and formation of the [Ni(-H)Fe]+ is  induced by the addition of 
acids to [H1]
0
,
 
[H2]
0
, or [H3]
0
. Although we showed above that hydrogen evolves via the 
decomposition of [H3]
0
 in the absence of acid, the completion of this process is slow, occurring 
over the course of several hours (eq 3.7). Additionally, [H3]
0
 will react with acids as weak as 
ClH2CO2H, as demonstrated by CV measurements and experiments discussed below. These 
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observations rule out a mechanism of bimolecular elimination of hydrogen from [H3]
0
 (eq 3.10).  
In other words, protonation of [H3]
0
 is faster than the decomposition of [H3]
0
. 
 
The HER is proposed to proceed via initial protonation of [H3]
0
 to generate an intermediate with 
the stoichiometry [H23]
+
.  This mixed-valence protonated hydride complex is proposed to 
eliminate hydrogen, affording [(dppv)Ni(-pdt)Fe(dppv)(CO)]+ ([3]+) (Scheme 3.9).  A second 
equivalent of [H3]
0
 may then be consumed to produce [3]
0 
by reduction of [3]
+
. Finally, [3]
0
 may 
be protonated to produce the observed product, [H3]
+
. It is worth noting that when the reducing 
equivalents are provided by an electrode, the stoichiometric production of hydrogen is observed 
(see bulk-electrolysis experiments). In the absence of the electrode, two equivalents of the 
reductant [H3]
0 
must be expended to produce one equivalent of hydrogen.  
 
Scheme 3.9. Proposed mechanism for reduction of acids by [H3]
0
 via protonation of [H3]
0
 
followed by heterocoupling of hydride and a proton. 
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Isolating Mixed-Valence complex [3]
+
 
The second step of Scheme 3.9 requires that [H3]
0
 be a strong enough reductant to reduce 
[3]
+
 to [3]
0
.
 
This was demonstrated by measuring the cyclic voltammogram of [3]
0/+ 
under the 
same conditions as [H3]
+/0
.  The redox couple [3]
0/+
 is observed at – 0.93 V in MeCN, and would 
therefore be in a reduced state in the presence of [H3]
0
. On the basis of ipa/ipc, it does not appear 
that the oxidation of [3]
0
 is highly reversible (ipa/ipc = 1.8 at 500 mv/s).  A second cathodic event 
is also observed at – 1.17 V at slower scan-rates, which may imply that [3]+ structurally 
rearranges (Figure 3.21). Since the stability of the proposed intermediates is important for the 
regeneration of the catalysts, the stability of [3]
+
 and its rearrangement product was investigated.  
 
Figure 3.21.  Cyclic voltammogram and simulation of [3]
0
 acquired in MeCN solution.  
Conditions: 1mM [3]
0
, 50mV/s, 0.1M [TBA][BF4] electrolyte, glassy carbon electrode, Ag wire 
pseudo reference electrode, Pt wire counter electrode. 
 
To probe the mechanism for the rearrangement of [3]
+
, the CV was simulated using 
CHI630D software (Figure 3.21). The simulation fits the mechanism displayed in equations 
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3.11-3.14, which supports the hypothesis where A = Ni(I)Fe(I), B = Ni(II)Fe(I), and C = 
Ni(I)Fe(II). The rates of isomerization and diffusion coefficients were estimated during the 
simulation. DFT analysis was also found to favor this mechanism for isomerization (Scheme 
3.5). 
A   - e
-
        B (3.11) 
B     C (3.12) 
C + e
- 
    D (3.13) 
D     A (3.14) 
 
 
Scheme 3.10. Proposed mechanism of isomerization of [3]
+
 
 
 The stability of [3]
+
 was confirmed by spectroscopic studies of the chemical oxidation of 
[3]
0
 in THF using either FcPF6 or FcBF4. The conversion is signaled by a change in the 
solution’s color from brown to dark orange.  The EPR spectrum of a solution of [3]+ in acetone 
at room temperature shows a near-triplet with g value of 2.0440.  The simulation of the spectrum 
revealed that the unpaired electron couples to two nearly equivalent I = ½ atoms, with hyperfine 
constants of 37 and 42 MHz (Figure 3.22).  The symmetry observed for [3]
0
 is preserved for [3]
+ 
as indicated by the isotropy of the EPR signal for the paramagnet. The 
57
Fe-enriched analogue 
was also characterized and was found to have a g value of 2.0437. No additional coupling to the 
57
Fe was observed. 
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Figure 3.22. Top: EPR spectrum (black) and simulation (red) of [3]BF4 in acetone at 25 °C. 
Bottom: EPR isotopically labeled 
57
Fe congener [3]BF4 (blue) and simulation (green) in acetone 
at 25 °C 
 
FTIR data collected for a fresh solution of [3]
+
 (as a PF6 or BF4 salt) displayed a CO of 
1950 cm
-1
, corresponding to an oxidation-induced shift of approximately 44 cm
-1
 to higher 
energy (Figure 3.23). The CO shift of [3]
+
 is close to those measured for [H3]BAr
F
4 and 
[Cl3]BF4, which also supports the Fe(II) oxidation state assignment of [3]
+
. Along with the CO 
band corresponding to [3]
+
, a smaller band is observed at 1996 cm
-1
. The cation [3]
+
 was 
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identified by ESI-MS, but upon standing in either acetone/pentane or THF/pentane solution, 
single crystals of [(dppv)Ni
II
(-pdt)FeII(dppv)(CO)2]
2+ 
formed. The identity of the crystals was 
confirmed to correspond to [(dppv)Ni
II
(-pdt)FeII(dppv)(CO)2]2PF6 by elemental analysis. 
Dissolution of the crystals confirmed their identity as the product at 1996 cm
-1 
(CO), and that the 
complex is EPR silent in acetone.  
 
 
Figure 3.23. FTIR spectra of solutions of non-hydride tetraphosphine NiFe complexes discussed 
in this Chapter. The FTIR spectrum of [3]
0 
was recorded in THF, while all others were recorded 
in acetone. 
 
Disproportionation reactions of mixed-valence non-hydride complexes have been 
previously observed. The complex [(dppe)Ni
II
(-pdt)FeII(dppe)(CO)2]
2+
 was discovered to form 
from the disproportionation of two [(dppe)Ni(-pdt)Fe(dppe)(CO)]+ cations, which are 
analogous to [3]
+
.
16
  In the same study, Ni(I)Fe(I) triphosphines complexes were oxidized by one 
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electron to give monocationic [(diphosphine)Ni(-dithiolate)Fe(CO)2L]
+
 complexes (L = CO, 
PAr3). The EPR data of these unsymmetrical triphosphines complexes were complex, and vastly 
different from that of isotropic [3]
+
. These triphosphine complexes showed a simple reversible 
cyclic voltammogram, and were assigned formally as Ni(II)Fe(I) by 
13
CO labeling studies and 
DFT calculations.
29
 The differences in the CV studies further support a mechanism for 
rearrangement in [3]
+
.  
This distinction of Ni(I)Fe(II) versus Ni(II)Fe(I) is important because of the biomimetic 
character of redox-active nickel centers, which is commonly observed in NiFe-H2ases. Extensive 
EPR and labeling studies have shown that the Fe(II) center is redox inactive, while Ni cycles 
through Ni(I), Ni(II), and Ni(III) oxidation states.
1
 The Ni-C and Ni-L states have formal Ni(III) 
and Ni(I) oxidation states, which has allowed for their study by various EPR methods.
3,7
 The 
implication of complexes like [3]
+
 in catalytic cycles for hydrogen production is also of 
importance because it supports the hypothesis that Ni-L can be involved in the catalytic cycle of 
the enzyme.
15
 Lastly, the rearrangement of [3]
+
 is noteworthy because it will modulate the rates 
of hydrogen production if this species is indeed involved in the cycle.  
 
Investigation of in situ protonation of [3]
0
 
 The final step of Scheme 3.9, protonation of [3]
0 
generated in situ, can be probed by 
treating [H3]
0
 with weak acids that cannot protonate [3]
0
 (i.e. with pKa
MeCN
 above 16.6).  If the 
proposed mechanism is correct, the product observed by 
31
P{
1
H} would be [3]
0
, instead of [H3]
+
. 
When [H3]
0
 is treated with [Bu3NH]BF4 (pKa
MeCN 
= 18.03) in MeCN, 10 % of [3]
0
 is observed 
by 
31
P{
1
H} NMR (after < 20 min), and the remainder of the product is [H3]
+ 
(Figure 3.24). 
Similar results were observed when ClH2CO2H was used as the proton source.  
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Figure 3.24. 
31
P{
1
H} NMR spectrum of the product mixture acquired in < 20 mins after 
treatment of [H3]
0 
with equimolar [Bu3NH]BF4 in MeCN.  
 
 The presence of [3]
0 
in the product mixture of the reaction between [H3]
0 
and equimolar 
[Bu3NH]BF4 supports the mechanism proposed in Scheme 3.9. The concurrent formation of 
[H3]
+ 
shows that at least an additional reaction is taking place.  The additional reaction is 
proposed to be protonation of [H3]
0
, followed by transfer of an electron to the proton to form a 
hydrogen atom. Loss of a hydrogen atom, and subsequent homocoupling of two hydrogen atoms 
to form hydrogen would lead to half an equivalent of hydrogen and [H3]
+
 (Scheme 3.11).  
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Scheme 3.11. Alternative proposed mechanism for reduction of acid by [H3]
0
, involving an 
electron transfer and a spectator hydride ligand.  
 
It is proposed here that the reduction of acids by [H3]
0
 is best described by two processes 
with different rate constants. The proposed two mechanisms differ in that the first involves 
transfer of a hydride describes by the rate constant ka  (scheme 3.9), and the second the transfer 
of an electron with a spectator hydride as described by kb (Scheme 3.11). Both proposed 
mechanisms would yield half an equivalent of hydrogen and [H3]
+
  when a strong acid (pKa < 
16.6) is used.  The ratio of the products obtained from protonation of [H3]
0 
with [Bu3NH]BF4 , 
which is too weak to protonate the intermediate [3]
0
, suggests that kb >> ka. This observation 
may be a manifestation of the steric-bulk disfavoring the formation of an H-H bond by direct 
protonation of the hydride ligand.  
Previously, the reduction of acids by [CO(dppv)Fe(-pdt)(-H)Fe(dppv)(CO)]0  has been 
shown to operate only via the transfer of an electron without transfer of the hydride.
24
  
Additionally, the Gray group showed that reactions of Co catalysts with acids occurred via both 
mechanism proposed for Ni(-H)Fe0.30 In the case of the Co complexes, the formation of an H-H 
bond from a Co(II)-hydride with an acid (ka) was twenty-times faster than from homocoupling of 
two Co(III)-hydride molecules (kb).
30
 These findings were corroborated by calculations by the 
Hammes-Schiffer group.
31,32
 Although these findings are opposite of what is observed herein, the 
Co experiments support the concurrency of multiple mechanisms to explain the reactivity of 
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[H3]
0 
with acids. Additionally, the Co(II)-hydride species are expected to be more hydritic than 
the Ni
I
(-H)FeII complexes because the electron density of the cobalt is localized on orbitals with 
direct ligation to the hydride ligand. In Ni
I
(-H)FeII , the electron density is localized on a Ni-
based orbital that not directly ligated to the hydride, as proposed by DFT analysis. The Ni
I
(-
H)Fe
II 
can be better described as a Ni paramagnet tethered to an Fe-hydride by the dithiolate 
ligand.  
Conclusions 
Previous studies on NiFe complexes implicated the existence of two kinds of mixed-
valence Ni-Fe complexes.
14,33,34
  The first class of mixed valence Ni-Fe complexes are cations, 
such as [(dppv)Ni(-pdt)Fe(dppv)CO]+, which can be obtained via oxidation of the neutral 
Fe(I)Ni(I) complexes. The Ni(I)Fe(I)/Ni(II)Fe(I) redox couple entails a large structural change 
(unlike the enzyme) since the Ni center changes from tetrahedral to square planar. Here, 
[(dppv)Ni(-pdt)Fe(dppv)]+ is an example that deviates from previous reports, in which an 
additional rearrangement is occurring. Corroboration of provided isotope-labeling experiments, 
simulation data, and DFT studies supports the production of a Ni(I)Fe(II)by this rearrangement. 
A second family of mixed-valence Ni-Fe complexes are the hydride complexes, such as 
[(L2)Ni
I
(-pdt)(-H)FeII(L2’)(CO)]
0 
(L2 = dppe, dppv; L2’ = dppv, dppBz). The parameters 
determined from EPR data collected for these species allows for electronic comparisons of the 
model complexes to the enzymes.  Such mixed-valence hydride complexes are implicated in the 
mechanism for hydrogen evolution via homocoupling (two hydrogen atoms) and heterocoupling 
(hydride/proton) pathways. These mixed-valence hydride complexes can be readily protonated 
by acids to afford almost half of a molar equivalent of hydrogen, along with the pre-catalyst 
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[(L2)Ni
II
(-H)(-pdt)FeII(L2’)(CO)]
+
. Evidence is provided to support two proposed mechanisms 
that operate concurrently when [(L2)Ni
I
(-H)(-pdt)FeII(L2’)(CO)]
0 
complexes catalyze the 
HER. This mechanism is a surrogate to the mechanism occurring at the surface of the working 
electrode, in which these complexes operate over many turnovers of the HER. 
Experimental Section 
General Considerations.  Unless otherwise stated, reactions were conducted using standard 
Schlenk techniques, and all reagents were purchased from Sigma-Aldrich or Fisher. Unless 
otherwise noted, all solvents were HPLC grade and purified using an alumina filtration system 
(Glass Contour, Irvine, CA). ESI-MS data were acquired using a Waters Micromass Quattro II or 
ZMD spectrometer with analytes in dilute CH2Cl2 solution.  Analytical data were acquired using 
an Exeter Analytical CE-440 elemental analyzer. NMR data were acquired using a Varian U500 
or VXR500 spectrometer.  Chemical shifts (in ppm) were referenced to residual solvent peaks 
(for 
1
H, 
13
C) or external 85% H3PO4 (for 
31
P). Solution IR spectra were recorded on a Perkin-
Elmer Spectrum 100 FTIR spectrometer. Crystallographic data were collected using a Siemens 
SMART diffractometer equipped with a Mo Kα source (λ = 0.71073 Å) and an Apex II detector. 
Synthesis of mixed-valence hydride complexes [H1]
0 
, [H2]
0
, [H3]
0
. A 20-mL vial containing 
a stirring bar was charged with [Hn]
+
 and CoCp2
*  
in a glove box. The solids were stirred in 5 mL 
of chilled toluene to produce a brown mixture. The mixture was filtered through Celite to remove 
[CoCp2*]
+
, and the filtrate was diluted  with 15 mL of chilled pentane.  The mixture was 
allowed to stand at – 40 ºC in which time brown precipitate formed. The precipitate was isolated 
by filtration and extracted with THF. The THF was removed in-vacuo and the name complex 
was obtained as a brown solid.  
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 [H1]
0
. The above general procedure was done with [H1]BAr
F
4 (25.7 mg, 0.013 mmol) and 
CoCp2
* 
(4.4 mg, 0.013 mmol). Yield: 10 mg (74 %).  IR (THF): CO = 1909 cm
-1
. HR ESI-MS: 
1045.1348. 
[H2]
0
. The above general procedure was done with [H2]BAr
F
4 (43.3 mg, 0.022 mmol) and 
CoCp2
* 
(7.3  mg, 0.022 mmol). Yield: 13.4 mg (56 %). IR (THF): CO = 1925 cm
-1
. HR ESI-MS: 
1093.1348. 
[H3]
0
. The above general procedure was done with [H3]BF4 (8.5 mg, 0.007 mmol) and CoCp2
* 
(2.5 mg, 0.007). [H3]BF4 is insoluble in toluene, and remained suspending in toluene until 
completely consumed. Yield: 6.2 mg (85 %). IR (THF): CO = 1920 cm
-1
. HR ESI-MS: 
1041.1035. 
Reactions of [H1]
0
, [H2]
0
, and [H3]
0
 with HBAr
F
4·2Et2O. [Hn]
0
 n = 1-3 (6 umol) was 
dissolved in 3 mL of THF. The solution was divided into three 5-mL vials (1 mL solution each, 2 
umol) and each vial was sealed with a septum. In a separate vial HBAr
F
4·2Et2O (8.1 mg, 8 umol) 
was dissolved in 3 mL of THF. 0.75 mL of the acid solution (2 umol) was injected into the vial 
containing the catalyst causing immediate effervesces and a color change from brown to red-
orange. To each reaction vial was injected 60-100 uL of CH4 gas (93%) to be used as an internal 
standard. A500uL sample of the headspace gas was drawn via gas-tight syringe from each 
sample to be analyzed by gas chromatography.  The yield of H2 was calculated based on 
equation 3.4. 
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Reductant Run H2 percent yield (%) Average yield 
[H1]
0
 
A 36.2 
35.0 ± 1.7 
B 33.8 
[H2]
0
 
A 35.8 
35.5 ± 0.3 
B 35.3 
[H3]
0
 
A 35.6 
35.4 ± 0.4 B 34.9 
C 35.7 
 
Reactions of [H3]
0
 with HBAr
F
4·2Et2O in the presence of byproduct. 250 uL of 0.2M 
[H3]BAr
F
4 in THF was charged into three vials (0.05 mmol). The vials were sealed with septa 
and treated with equimolar CoCp2* via syringe causing the solution to change color from red-
orange to brown. Three control vials were charged with 250 uL of 0.2 M CoCp2* in THF. Each 
vial was treated with equimolar amount of HBAr
F
4·2Et2O causing color changes from. 
Reductant Run  H2 percent yield (%) Average yield 
[H3]BAr
F
4
 
+ CoCp2* 
A 32.02 
32.15 B 31.30 
C 33.19 
CoCp2
*
 
A 33.45 
33.64 B 33.82 
C 33.66 
 
Preparation of fresh solutions of [H3]
0 
for NMR, GC, EPR and FTIR analysis.  
NMR analysis: 250 uL of 0.2M [H3]BAr
F
4 in THF (0.05 mmol) and PPh4BAr
F
4 (0.05 mmol) 
were charged into four separate J-young NMR tubes. Each solution was treated with 250 uL of 
0.2M CoCp2*. An equimolar amount of acid was added to the first three samples, and each J-
young tube was sealed with a cap. Acid added was varied per sample: HBAr
F
4·2Et2O (a), 
[Bu3NH]BF4 (b), ClH2CO2H (c), and no acid  (d). The internal standard in b and c precipitated as 
salts of the conjugate bases. Each sample was analyzed by 
31
P{
1
H} NMR to quantify the 
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products formed, by integration relative to the internal standard. For b and c the yield were 
determined by relative product integrations.  
FTIR analysis: 25 uL of 0.1M [H3]BAr
F
4 in THF (2.5 umol) was charged into a vial. The 
solution was treated with 25 uL of 0.1M CoCp2* via syringe causing the solution to change color 
from red-orange to brown. A timer was started upon injection of the reducing agent and an 
aliquot of the solution was charged into a gas-tight CaF2 IR cell. IR spectra were recorded for the 
sample at various time intervals, and the temperate of the spectrometer (~ 26 °) was reported for 
every collection. The above procedure was repeated with an additional 50 uL of THF added to 
the solution prior to the reducing agent to achieve an initial concentration of 25 mM.   
GC analysis: 25 uL of 0.2M [H3]BAr
F
4 in THF (0.005 mmol) was charged into three vials (a, b, 
c). The vials were sealed with septa and treated with equimolar CoCp2* via syringe causing the 
solution to change color from red-orange to brown. To each reaction vial was injected 100 uL of 
CH4 gas (93%) to be used as an internal standard. After >3 h a 500uL sample of the headspace 
gas was drawn via gas-tight syringe from each sample to be analyzed by gas chromatography.  
The yield of H2 was calculated based on equation 3.4. 
Run Time (h) umol of H2 Percent H2 
A 
 
3:07 0.25 25 
B 
 
3:20 0.29 29 
C 
 
3:35 0.35 35 
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[(dppv)Ni(-pdt)Fe(dppv)(CO)]PF6, [3]PF6, and [(dppv)Ni(-pdt)Fe(dppv)(CO)2]2PF6  . In a 
20-mL vial was dissolved [3]
0 (0.05 g, 0.05  mmol) in 5 mL of THF. The solution was treated 
with FcPF6 (0.016 g, 0.05 mmol) in 5mL of acetone causing a color change from brown to dark-
orange. The solution was diluted with 10 ml of pentane, and cooled to – 40 °C for ~8 h. The 
wanted product was isolated by filtration as an orange solid and was washed with 2 x 5 mL 
pentane and 2 x 5 mL Et2O. CO = 1950 (s), 1996 (w) cm
-1
. [(dppv)Ni(-
pdt)Fe(dppv)(CO)2]2PF6.The solid was dissolved and layered with pentane. Crystals of 
[(dppv)Ni(-pdt)Fe(dppv)(CO)2]2PF6  were formed and isolated by filtration. IR (acetone): CO = 
1996 cm
-1
. Anal. Calcd. For  C56H50FeNiOP5S2F6: C, 56.69; H, 4.25. Found: C,5.36; H,3.71. 
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Chapter 4. Synthesis of S,N-Heterocycles and Reactivity with Fe(0) Carbonyl Complexes 
This work was adapted from: “Diiron Azamonothiolates via Scission of 
Dithiadiazacyclooctanes by Iron Carbonyls” 
1
 
 
Introduction 
 The active site of [FeFe]-H2ases was previously proposed,
2
 and now confirmed,
3
  to 
contain an azadithiolate cofactor ([(SCH2)2NH]
2-
, H-adt
2-
) bridging two iron metal centers 
(Figure 4.1).  The importance of the azadithiolate cofactor has been demonstrated by studies of 
model complexes of the [FeFe]-H2ase, and their incorporation into apo-proteins. 
3-5
 The 
azadithiolate cofactor was shown to be the kinetic site of protonation of 
Fe2[(SCH2)2NH]dppv2(CO)2  complexes, which allowed for catalytic reduction of acids at rates 
as high as 58,000 s
-1
 of hydrogen.
4
  
 
Figure 4.1. Active site of [FeFe]-hydrogenase (left) and model complex (right) containing the 
azadithiolate cofactor 
 
Diiron azadithiolates can be prepared by multiple routes as shown in Chapter 1.
6-8
 
However, such methods involve multistep conversions that often give low yields and require 
difficult work-up procedures.  We speculated that an easier route to incorporating [(SCH2)2NH]
2-
 
ligands (R-adt
2-
) could arise from the degradation of 8- or 6-membered S,N-heterocycles by 
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Fe3(CO)12.  Sulfur-nitrogen heterocycles are attractive reagents because they can be made in 
large scales by condensation of primary amines with sulfide and formaldehyde (eq 4.1).
9
 Of 
interest to us were the [SCH2N(R)CH2]2 and the CH2(CH2S)2NR
  
heterocycles because these 
contain a “(SCH2)2NH” fragment (Figure 4.2).   
 
Figure 4.2 S,N-heterocycles discussed in this chapter. 
Compounds containing the S-CH2-X group appear to be particularly reactive toward 
iron(0) carbonyls.  In related work, the 1,3,5-trithiane is degraded by iron(0) carbonyls to give 
Fe2(SCH2SCH2SCH2)(CO)6 as well as the methanedithiolate Fe2(SCH2S)(CO)6.
10
 The selenium 
analogues of these complexes have recently been obtained from 1,3,5-triselenocyclohexane.
11
 
Until now the reactivity of the S,N-heterocyles with iron(0) carbonyls had not been investigated.  
Synthesis of S,N-heterocyles 
The synthesis of the S,N-heterocyles is greatly dependent on the ratio of the reagents, 
reaction temperature, and reaction time.
9
 Mixtures of the S,N-heterocycles are obtained under 
most reactions conditions reported in the literature. The CH2(CH2S)2NR
  forms readily at 25 °C 
and above and must be purified by chromatography. To selectively form (CH2NR)3 or 
[SCH2N(R)CH2]2 the condensation reactions must be done at 0 °C with excess amine or CH2O, 
respectively. (CH2NR)3 and [SCH2N(R)CH2]2 crystallize from the cold reaction mixture (eq 
4.1).
9,12,13
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4 CH2O + 2 RNH2 + 2 H2S  [SCH2N(R)CH2]2 + 4 H2O                                                        (4.1)  
R = Me, Bn   
 
CH2O + PhNH2  1/3 (CH2NR)3 + H2O                                                                                (4.2) 
The CH2 resonances of [SCH2N(R)CH2]2 are inequivalent at 20 °C in the NMR time-
scale, leading to an AB-quartet (Figure 4.3).  Upon heating to 40 °C in THF-d8 the resonances 
become equivalent, which can be explained by a ring-flip mechanism like that of cyclooctane .
14
  
 
Figure 4.3. 
1
H NMR spectra (500 MHz, THF-d8) of [SCH2N(Me)CH2]2 at different temperatures 
with depictions of two conformers. 
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The synthesis of [SCH2N(Ph)CH2]2 could not be  achieved by condensation of PhNH2, 
CH2O, and H2S at low temperatures. Instead, the amine and CH2O undergo a condensation to 
form  [CH2
Ph
N]3 (Figure 4.4, eq 4.2).
15  
This observation suggests that the formation of the [
R
N 
(CH2)2S]2  heterocycles proceeds via the amine acting as a base to deprotonate H2S. 
 
Figure 4.4. 
1
H NMR spectra (500 MHz, CDCl3) of (CH2NR)3. 
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Reactivity of S,N-heterocycles with Fe(0) carbonyls 
No reactivity of the S,N-heterocycles  with metal complexes had been reported previous 
to this study. Related S-heterocycles have been widely studied and have been shown to form 
diiron dithiolates with Fe(0) carbonyls (Scheme 4.1).
16,17
  
 
Scheme 4.1. Reactivity of S-heterocycles with Fe (0) Carbonyl Complexes  
 The reaction  of Fe3(CO)12 with [SCH2N(R)CH2]2 produced organoiron compounds with 
the formula Fe2[SCH2N(R)CH2](CO)6 (1
R
, R = Me, Bn).  The products were obtained in good 
yields as red colored powders  after purification by column chromatography, which separates the 
product from Fe(CO)5 and traces of Fe2(SCH2S)(CO)6 (2).  When the reaction was monitored by 
in-situ IR spectroscopy, we did not observe any intermediates (scheme 4.2).  
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Scheme 4.2. Reactivity of Fe3(CO)12 with S,N-heterocycles to yield diiron hexacarbonyl 
complexes 
 
It was proposed that 2 arises via the reaction of Fe3(CO)12 with a small amount of 
CH2(CH2S)2NMe
 
 generated by degradation of  [SCH2N(Me)CH2]2 during the synthesis of 1
R
.  
Consistent with this scenario, it was demonstrated that 2 forms in moderate yields from the 
reaction of Fe3(CO)12 with CH2(CH2S)2NMe
 
. This reaction is reminiscent of the reaction of 
(CH2S)3 with Fe3(CO)12  (Scheme 4.2).  The infrared spectra of 1
Me
 and 1
Bn
 in the CO region 
largely resemble that of Fe2[(SCH2)2NH](CO)6 , with band  ~5 cm
-1
 lower in energy (Figure 4.5). 
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Figure 4.5. FTIR spectra (CO) of diiron complexes discussed in this chapter. All spectra 
recorded in hexanes unless otherwise indicated.  
  
The 
1
H NMR spectrum of 1
Me
 revealed a fully asymmetrical [SCH2N(Me)CH2] ligand, 
which was confirmed by crystallographic analysis of crystals grown from saturated hexanes 
solutions at 0 º (Figure 4.6). Two dimensional 
1
H-
1
H and 
1
H-
13
C correlation NMR spectra 
indicate that 1
Me
 is chiral, and that the Fe2[SCH2N(Me)CH2](CO)6 core is rigid.  Signals for 
NCH2S (δ4.62, 3.51, 2H; δ73.8, 1C) were assigned by comparison to the SCH2S backbone of 2 
(δ4.65, 2H). The FeCH2N group was therefore assigned to be the more downshifted signals in 
both the 
1
H and 
13
C NMR spectra (δ 2.73, 3.02, 2H; δ57.8, 1C). 1H-13C gHSQC was used to pair 
the corresponding methyl hydrogens and carbons. 
143 
 
 
 
Figure 4.6.
 
Top:
 1
H NMR spectrum (500 MHz, CD2Cl2 solution). Middle: 
1
H-
1
H COSY NMR 
spectrum. Bottom: 
1
H-
13
C heteronuclear single-quantum correlation (HSQC) NMR spectrum 
(bottom) of 1
Me
. 
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Figure 4.6 (cont.).  
 
To assign the two C-H centers associated with the 4-bond coupling ("W-coupling") in the 
spectrum of 1
Me
, we examined the dihedral angles of the -CH2-N-CH2-S- moiety containing the 
hydrogen atoms of interest from the ortep structure of 1
Me
 (Table 4.1).  Large W-coupling is 
associated with small dihedral angles (Φ).18  Thus, since HC and HE are in planes with the 
smallest dihedral angle they will most likely exhibit the 4-bond coupling that is observed in the 
1
H NMR spectrum. 
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Table 4.1. Dihedral Angles and H-H Coupling Constants for the SCH2N(Me)CH2Ligand of 1
Me 
 
Plane 1 Plane 2 Dihedral Angle (°) 
HB-C5-N N-C4-HD 52.9 
HB-C5-N N-C4-HE 126 
HC-C5-N N-C4-HD 130 
HC-C5-N N-C4-HE 10.7 
Nucleus 1 () Nucleus 2 () 
n
JHH (Hz) 
HA (2.17) - - 
HB (2.73) HC (3.02) 7.34 (n = 2) 
HC (3.02) HE (4.62) 2.91 (n = 4) 
HD (3.51) HE (4.62) 7.54 (n =2) 
 
Crystallographic analysis confirmed that two Fe(CO)3 centers are bridged by thiolate and 
iminium-like
19
 ligands.  The Fe centers differ in that one is bonded to nitrogen (Fe-N = 
2.0332(17) Å), and the other to an alkyl ligand (Fe-CH2 = 2.055(2) Å) (Figure 4.7).  The Fe-Fe 
bond (2.5702(5) Å) is longer than related complexes with Fe2S2 cores (2.4924(7) Å).
7
  This 
elongation is attributed to the extended Fe-N(Me)-CH2-Fe linkage.  Long has described a related 
Fe2(CO)6 complex with a -pyridyl group.
20
  The Fe-Fe distance in that complex is comparable 
to that in 1
Me
. 
                      
Figure 4.7. Two depictions of Fe2[SCH2N(Me)CH2](CO)6 (1
Me
) (thermal ellipsoids at 50% 
probability level). 
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Cyclic voltammogram (CV) of 1
Me
 at various scan rates show a quasi-reversible 
reduction at Epc = -1.85 V vs Fc
0/+ 
in CH2Cl2 (Figure 4.8).  In comparison, 
Fe2[(SCH2)2CH2](CO)6 has been reported in the range of  Epc = -1.61 to -1.74 V vs Fc
0/+ 
in 
MeCN, and Fe2[(SCH2)2CH2](CO)6 is reduced at  Epc = -1.58 V vs Fc
0/+ 
 in MeCN.
21
  The shift in 
potential for 1
Me
 in comparison to the iron dithiolate hexacarbonyl complexes may be partially 
attributed to the use of a less polar solvent. However, the more negative reduction potential for 
1
Me
 may also be attributed to increased electron density on the metal centers in comparison to the 
iron dithiolate hexacarbonyl complexes.  
 
Figure 4.8.  Cyclic Voltammogram of 1
Me
 at various scan rates. Conditions: 3mM solution in 
CH2Cl2, 0.1M NBu4PF6 electrolyte; glassy carbon working electrode, Ag wire in aqueous AgCl 
solution reference electrode, and Pt wire counter electrode. 
 
Dynamic NMR Studies of 1
Me
.  Since 1
Me
 is asymmetric, all six carbonyl ligands are 
inequivalent.  At 22 ºC, the 
13
C NMR spectrum (in the CO region) exhibits only three broad 
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peaks at 216, 212, and 209.  These CO sites are located on what is referred to as the rigid iron 
center (Fe
R
) because turnstile rotation of the CO sites is slow on the NMR timescale (Figure 4.9). 
At lower temperatures (< -36 ºC), the remaining three signals for the CO ligands, those on the 
non-rigid iron center (Fe
NR
), appear at 216, 210, 205.  At 41 ºC four peaks are observed, three 
for the CO sites on the Fe
R
 center, and a broad singlet corresponding to the three CO sites on the 
Fe
NR
 center that have coalesced.  Above 50 ºC, only the coalesced signal for the CO sites on the 
Fe
NR
 center is observed.  The differentiation of the Fe
NR
(CO)3 vs the Fe
R
(CO)3 centers is 
discussed below for the PMe3-substituted derivative of 1
Me
.  
 
Figure 4.9. Left: representation of dynamic processes of 1
Me
; Fe
NR
 = non-rigid, Fe
R
 = rigid (left). 
Right: 
13
C NMR spectra (125.7 MHz, d8-toluene solution) of compound 1
Me
 at various 
temperatures (black) with simulation (red).  
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The temperature dependence of the rates of two CO interchange processes followed 
Arrhenius behavior (Figure 4.10).  This analysis revealed that the dynamics at Fe
NR 
proceed with 
an activation energy barrier of 10.8 (±0.65) kcal/mol, whereas the dynamic process for the Fe
R
 
center occurs with a barrier of 16 (±0.85) kcal/mol. A change in the slope of the Arrhenius plot 
for the dynamic behavior of the Fe
NR
 center is observed at the extremes of the temperatures used. 
This suggests that different dynamic process may be in effect at differing temperature ranges, 
and that the calculated value is an average energy barrier for these processes. It is worth noting 
that at low temperatures (approaching - 60 °C) the viscosity of the solution could influence the 
broadness of the peaks in the 
13
C NMR, and influence the calculations of the energy barriers.  
 
Figure 4.10.   Arrhenius plots for the dynamic processes of 1
Me
 described by krigid (left), and knon-
rigid (right). 
 
To confirm that the peak present at 60 °C corresponded only to the 3 CO sites on the non-
rigid iron center, an internal standard was used (Figure 4.11). There could conceivably be a 
temperature above 80 °C for which a singlet corresponding to the 3 CO sites of the rigid iron 
center reappears. Due to spectrometer temperature limitations we could not test this hypothesis. 
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Figure 4.11.  
13
C NMR spectra (125.7 MHz, d8-toluene solution) of 1
Me
 at two temperatures 
with ethyl acetoacetate as an internal standard. R = rigid, NR = non-rigid. 
 
Monosubstituted Derivatives of 1
Me
  
Treatment of 1
Me
 with phosphine ligands in the presence of Me3NO·2H2O afforded 
monosubstituted derivatives Fe2(SCH2N(Me)CH2)(CO)5(PR3) (3
Me
, PR3 = PPh3; 4
Me
, PR3 = 
PMe3). The 
1
H NMR signals for the aminothiolate ligand are relatively unchanged in both cases 
from that of 1
Me
.  No JPH
 
or JPC coupling  is observed for the monosubstituted complexes.  The 
molecular structure of the PPh3 derivative 3
Me
 is similar to that of 1
Me
 (Figure 4.12, Table 4.2).   
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Figure 4.12.   ORTEP of Fe2[SCH2N(Me)CH2](CO)5(PPh3) (3
Me
, top), 
Fe2[SCH2N(Me)CH2](CO)5(PMe3) (4
Me
, bottom-left),  and Fe2[SCH2N(Me)CH2](CO)4(dppe) 
(5
Me
, bottom-right) with 50% probability thermal ellipsoids. 
 
Table 4.2. Bond distances of interest for crystallographically characterized complexes. All 
distances are given in angstroms.  
 
Space 
group 
Fe1-Fe2 Fe1-N1 Fe2-C5 Fe1-S1 Fe2-S1 Fen-Pm 
1
Me
 Pca21 2.5702 (4) 2.033 (18) 2.055 (2) 2.258 (6) 2.248 (6) - 
3
Me
 C2/c 2.5771 (4) 2.035 (16) 2.062 (2) 2.268 (6) 2.250 (6) Fe2-P1: 2.219 (6) 
4
Me
 Pna21 2.623 (5) 2.039 (2) 2.066 (2) 2.260 (6) 2.249 (6) Fe1-P1: 2.211 (8) 
5
Me
 P-1 2.648 (4) 2.047 (18) 2.018 (18) 2.280 (6) 2.250 (5) 
Fe1-P1: 2.217 (7) 
Fe2-P2: 2.222 (6) 
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In solution, the SCH2NCH2 ligand of the diiron complexes remains largely unchanged upon 
phosphine substitution of 1
Me
, as can be seen by 
13
C and 1H NMR spectra in CD2Cl2 (Figure 
4.13).One species is observed in all cases, except in the case of 4
Me
 as will be discussed below.   
 
 
 Figure 4.13. 
13
C NMR spectra (125.7 MHz, CD2Cl2 solution) of 1
Me
 and its PR3 substituted 
derivatives at 20 ºC.* refers to residual solvent, which overshadows the N(Me) signal. L  = CO, 
phosphine. 
 
The high solubility of 4
Me
 allowed examination of its low temperature NMR properties.  
Analogous to 1
Me
, three signals, albeit broadened, are observed in its 
13
C NMR spectrum at 
215.8, 210, and 208.8δ at 20 ºC (Figure 4.13).  This observation suggests that the FeR center in 
1
Me
 and 4
Me
 is Fe
CH2
(CO)3.  Upon cooling to - 60 ºC all five CO sites of 4
Me
 can be resolved, 
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with two new signals corresponding to the Fe
NR
 or Fe
NMe
(CO)2PMe3 center present at 216.6 and 
208.7δ. The molecular structure of 4Me shows that the phosphine occupies the basal site of the 
Fe
NR 
center octahedral on the side of the sulfur atom. Based on the 
13
C NMR signals of 4
Me
 it can 
be concluded that the CO site of 1
Me
 that is substituted to form 4
Me 
corresponded to the peak at 
205δ in the 13C NMR of 1Me. Coupling to phosphorus is observed for a non-rigid CO site, JPC = 
27 Hz, which cannot be specifically assigned based on this data alone.  As in 1
Me
, the CO sites 
on the Fe
R
 center begin to coalesce above 20 ºC, and are too broad to be observed by NMR 
spectroscopy.  
 
 
Figure 4.14.  Representation of dynamic processes of 4
Me
; Fe
NR
 = non-rigid, Fe
R
 = rigid (left).  
13
C NMR spectra (125.7 MHz, d8-toluene solution) of compound 4
Me
 at various temperatures 
(right)  
 
The 
31
P{
1
H} NMR of a fresh solution of 3
Me  
crystals at 20 °C show a singlet at 70.60 in 
CD2Cl2. Upon heating to 40 °C or allow the solution to stand at room-temperature for 24 h an 
additional species appears at 55.23. This new species is also observed in the 1H NMR, and 
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shows a 1:1:1:1 integration for the SCH2
Me
NCH2 moiety (Figure 4.14). The ratio of the two 
species is 1:0.15 for 70.06 and 55.23 respectively, and is believed that the species are isomers of 
each other due to the agreeable integrations of the 
1
H NMR spectra. The molecular structure 
confirmed that the major species contains PPh3 on the apical position of the Fe
CH2
 site (Figure 
4.12). It can be speculate that the minor species (or the kinetic species), contains the PPh3 on a 
basal site of the Fe
CH2
 since the line-width at half-height of the minor species is broadened by a 
factor of two relative to the major species (Figure 4.15 – 4.16). However, we cannot confirm the 
location of the PPh3 based on NMR data alone.  
 
 
Figure 4.15. 
1
H NMR spectra (500 MHz, CD2Cl2 solution) of 3
Me
 crystals at different 
temperatures.* refers to the new isomer. 
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Figure 4.16. 
31
P{
1
H} NMR spectra (202.3 MHz, CD2Cl2 solution, bottom) of 3
Me
 crystals at 
different temperatures.* refers to the new isomer. 
 
 
The 
1
H NMR spectrum of crystalline 4
Me
 at 20 °C shows to speacies ina 1:0.1 ratio. The 
spectrum for the major species is analogous to those of 1
Me
 and 3
Me
 (Figure 4.17). The 
31
P{
1
H} 
NMR of crystalline  4
Me
 at 20 °C shows two broad peaks at 26.38 and 25.37 δ (Figure 4.18). 
Upon cooling to – 60 °C the peaks can be better integrated to show a ratio of 1:01 for 29.06 and 
26.36 respectively. No difference in the 
31
P{
1
H} is observed when the crystals are initially 
dissolved at - 60 °C. Since both species were present in the mixture of crystals, we can only 
tentatively assign the crystallographically characterized 3
Me
 isomer as the major isomer (Figure 
4.18).  
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Figure 4.17.  
1
H NMR spectrum (500 MHz, CD2Cl2 solution) of 4
Me
 showing integrations for the 
major species only. * refers to the minor species 
 
 
 
Figure 4.18.
 31
P{
1
H} NMR spectrum (202.3 MHz, d8-toluene solution) of crystals of 4
Me
 at 
various temperatures showing two isomers. 
156 
 
The broadening of the 
31
P{
1
H} signal of the major species of 4
Me
 above – 60 °C suggests 
that a dynamic process is occurring (Figure 4.18).  Since broadening is also observed in the 
13
C 
NMR spectra of 4
Me
, it is proposed that the major species is actually two different species with 
the PMe3 on a basal position of the iron center. These two diaestereomers would have to 
interconvert rapidly in the NMR time-scale to be indistinguishable.  Lastly, because the major 
and minor species of 4
Me
 are coalescing, as indicated by the 
31
P{1H}, it is proposed that the 
minor species contains the PMe3 on the apical position of the iron center.  No indication of a 
second species is observed in the CO region of the 
13
C NMR of 4
Me
, which is likely due to its 
low concentration. 
Disubstituted Derivatives of 1
Me
.  Treatment of 1
Me
 with dppe (dppe = 1,2-
bis(diphenylphosphino)ethane) in the presence of Me3NO·2H2O afforded the disubstituted 
derivative Fe2[SCH2N(Me)CH2](CO)4(dppe) (5
Me
, Figure 4.12).  The 
31
P{
1
H} NMR spectrum 
shows two signals with JPP of 11.8 Hz (Figure 4.19) for the inequivalent phosphorus atoms of the 
bridging ligand.  
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Figure 4.19.  
 31
P{
1
H} NMR spectrum (202.3 MHz, CD2Cl2 solution) of 5
Me
. JPP = 11.8 Hz. 
 
The 
13
C NMR spectrum of 5
Me
 shows four weak resonances in the CO region 
(, each coupled to one phosphorus resonance with JPC of ~ 17 Hz.  Due to its 
poor solubility, 5
Me
 was not examined by low temperature NMR spectroscopy.  The molecular 
structure and 
1
H NMR spectrum of 5
Me
 confirms its similarity to 1
Me 
.  As with the PMe3 
derivative 4
Me
, the phosphine on the Fe1
N
 side is trans to the amine, which causes an elongation 
of the Fe-N bond (Table 4.2).  The bridging of two metal centers by a dppe ligand in a similar 
fashion to that of 5
Me
 has been observed for related diiron complexes, and causes all the ethylene 
protons to be inequivalent (Figure 4.20).
22,23
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Figure 4.20. 
1
H NMR spectrum (500 MHz, CD2Cl2 solution) of 5
Me
.  
 
Conclusion 
 [SCH2N(R)CH2]2 represent a fundamental class of S-N heterocycles, which have eluded study by 
the organometallic community.  We show that they are readily cleaved by Fe(0) reagents to give diiron 
hexacarbonyls.  The new azathiolate complexes are a rare examples of a chiral diiron hexacarbonyl in 
which the six diastereotopic carbonyl-carbon centers have been identified by NMR. The pathway leading 
to 1
R
 (R = Me, Bn), as well as the SCH2SCH2 and SeCH2SeCH2 compounds is uncertain.  With 
thioethers, iron carbonyls form complexes of the type Fe(CO)4(SR2)
24-26
 and Fe3(CO)8(-SC4H8)2.
27
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 The challenge of finding a route to Fe2[SCH2N(R)CH2](CO)6 from azadithiols or 
heterocycles still stands. It was hypothesized that substitution of 1
Me 
with donor phosphines 
would elongate the N-Fe1 bond, and may lead to a free amine. However, crystallographic 
measurements revealed that the amine remains bound to the Fe center. Studies of amino-
bis(thioester) as precursors to azadithiolates  are discussed next (see chapter 5).The stability and 
metal-trapping of transiently generate azadithiolates is discussed. The [SCH2N(R)CH2]2  
heterocyles discussed in this chapter will be shown to  play an important role in the 
decomposition pathways of azadithiols.  
 
Experimental Section  
General Considerations. Unless otherwise stated, reactions were conducted using standard 
Schlenk techniques, and all reagents were purchased from Sigma-Aldrich or Fisher. Unless 
otherwise noted, all solvents were HPLC grade and purified using an alumina filtration system 
(Glass Contour, Irvine, CA). ESI-MS data were acquired using a Waters Micromass Quattro II or 
ZMD spectrometer with analytes in dilute CH2Cl2 solution.  Analytical data were acquired using 
an Exeter Analytical CE-440 elemental analyzer. NMR data were acquired using a Varian  U500 
or VXR500 spectrometer.  Chemical shifts (in ppm) were referenced to residual solvent peaks 
(for 
1
H, 
13
C) or external 85% H3PO4 (for 
31
P). Solution IR spectra were recorded on a Perkin-
Elmer Spectrum 100 FTIR spectrometer. Crystallographic data were collected using a Siemens 
SMART diffractometer equipped with a Mo Kα source (λ = 0.71073 Å) and an Apex II detector. 
Photolysis was done using a Spectroline MB-100 black light of long-wave UV radiation of 365 
nm. 
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N,N'-Dimethyl-1,5-dithia-3,7-diazacyclooctane ([SCH2N(Me)CH2]2).  The following 
is an optimized modification of the literature method.
9
  Aqueous methylamine (40 %, 20 mL, 
0.23 mmol) diluted with water (50 mL) was treated with cold formalin (34.6 mL, 0.46 mmol).  
After being stirred for 5 min at 0 °C, this solution was purged with H2S gas for 2 h causing 
precipitation of a white solid.  After stirring the solution for an additional hour at 0 ºC, the 
precipitate was collected and washed with cold ethanol (100 mL).  The precipitate was purified 
by recrystallization by dissolving in 300 mL of hot acetone followed by cooling to 0 °C.  Yield: 
5.33 g (52%).  
1
H NMR (500 MHz, CD2Cl2): δ 2.44 (s, 6H, NCH3), 4.24 (d, 4H, NCH2S), 4.52 
(d, 4H, NCH2S).  
13
C NMR (500 MHz, CDCl3): δ 38.2 (NCH3), 65.4 (NCH2S). 
1
H NMR (500 
MHZ, CD2Cl2, δ): 4.49 (d, 4H, CH2); 4.25 (d, 4H, CH2); 2.40 (s, 6H, NCH3).  Anal. Calcd for 
C6H14N2S2: C, 40.41; H, 7.91; N, 15.71.  Found: C, 40.50; H, 7.90; N, 15.35.  ESI-MS (m/z): 179 
(MH
+
). 
N,N'-Dibenzyl-1,5-dithia-3,7-diazacyclooctane ([SCH2N(Bn)CH2]2).  The following is 
an adaptation of a method for the methylbenzylamine derivative.
13
 A solution of benzylamine 
(4.9 g, 0.045 mol) in 90 mL of MeOH was added to cold 37% aqueous formaldehyde (27 mL, 
0.352 mol) at 0 °C.  After stirring for 5 min at 0 °C, the solution was treated with a solution of 
NaSH·xH2O (13.53 g, 0.12 mol) in 115 mL of MeOH.  After stirring for 5 min at 0 °C for 24 h, 
the cloudy solution was concentrated to half its volume under vacuum causing an oil to 
precipitate.  Approximately 30 mL of the oil was separated from the reaction mixture using a 
separatory funnel.  The oil was mixed with 30 mL of acetone and diluted with 60 mL of EtOH.  
The solution was concentrated under vacuum until white crystals formed.  The crystals were 
isolated by filtration and washed with 2 x 20 mL of EtOH.  Yield: (0.560 g, 18 %). 
1
H NMR 
(500 MHz, DMSO-d6) δ 7.24-7.34 (m, J = 15.8, 7.4 Hz, 10H), 4.54/ 4.51/4.38/4.35 (ABq, 8H), 
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3.87 (s, 4H). Anal. Calcd for C18H22N2S2: C, 65.41; H, 6.71; N, 8.48.  Found: C, 65.18; H, 6.66; 
N, 8.43.  ESI-MS (m/z): 331 (MH
+
). 
 
General Procedure for Reaction of S,N-Heterocycles with Fe3(CO)12.  A slurry of the 
heterocycle and two mole equivalents of Fe3(CO)12 in THF were stirred for 20 h at room 
temperature under argon.  The resulting dark red mixture was evaporated to dryness in vacuo, the 
residue was extracted in a minimum amount of hexane (15-30 mL). This extract was 
chromatographed on silica gel eluting with hexanes.  Two closely spaced red bands were 
separated; the first band contained 2, and the second band contained 1 (see below).  Each 
compound was recrystallized by dissolving in hexanes at room temperature followed by cooling 
to 0 ºC. 
Fe2[SCH2N(Me)CH2](CO)6 (1
Me
).  The general procedure was applied to the reaction of 
[SCH2N(Me)CH2]2 (0.36 g, 2.0 mmol) and Fe3(CO)12 (2 g, 4.0 mmol) in 40 mL of THF.  Yield, 2: 
0.09 g (6%).  Yield of 1Me: 0.62 g (84%).  
13
C NMR (127.7 MHz, d8-toluene, 20 ºC): 52.68 (s, 
1C, NCH3), 57.42(s, 1C, NCH2Fe), 73.05 (s, 1C, NCH2S).  
1
H NMR (500 MHz, CD2Cl2):  2.17 
(s, 3H, NCH3), 2.73 (d, 1H, NCH2Fe), 3.03 (dd, 1H, NCH2Fe), 3.52 (d, 1H, NCH2S), 4.63 (dd, 
1H, NCH2S).  IR (hexanes): CO = 2068 (s), 2024 (vs), 1995 (vs), 1981 (vs), 1964 (s) cm
-1
.  Anal. 
Calcd for C9H7Fe2NO6S: C, 29.30; H, 1.91; N, 3.80.  Found: C, 29.06; H, 1.83; N, 3.70.   
Fe2[SCH2N(Bn)CH2](CO)6 (1
Bn
).  The above general procedure was applied to the 
reaction of [SCH2N(Bn)CH2]2  (0.22 g, 0.67 mmol) and Fe3(CO)12 (0.67 g, 1.3 mmol) in 20 mL 
of THF.  Yield: 0.23 g (77%).  
1
H NMR (500 MHz, CDCl3):  2.49 (d, 1H, NCH2Fe), 3.04 (dd, 
1H, NCH2S), 3.20 (d, 1H, NCH2Fe), 3.31 (d, 1H, NCH2), 3.42 (d, 1H, NCH2), 4.69 (dd, 1H, 
NCH2S), 7.16-7.41 (m, 5H, C6H5).  IR (hexane): CO = 2067 (s), 2024 (vs), 1994(vs), 1980(vs), 
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1963 (s) cm
–1
.  Anal. Calcd for C15H11Fe2NO6S: C, 40.48; H, 2.49; N, 3.15.  Found: C, 40.55; H, 
2.30; N, 3.14. 
Fe2(SCH2S)(CO)6 (2).  The general procedure was applied to the reaction of 
CH2(CH2S)2NMe (0.14 g, 1.0 mmol) and Fe3(CO)12 (1.0 g, 2.0 mmol) in 40 mL of THF.  Yield: 
0.12 g (33%).  
1
H NMR (500 MHz, CD2Cl2): δ 4.65 (s, 2H, SCH2S).  IR (hexane): CO 2079 (s), 
2039 (vs), 2007 (vs), 1999 (vs), 1987 (w) cm
-1
.  
1
H NMR and IR spectra matched published 
data.
10
 
Fe2[SCH2N(Me)CH2](CO)5(PMe3) (4
Me
).  A solution of 1
Me
 (0.30 g, 0.811 mmol) in 
MeCN (50 mL) was treated with Me3NO·2H2O (0.09 g, 0.811 mmol) in MeCN (30 mL).  The 
solution was stirred for 10 min. at room temperature until all starting material was consumed as 
detected by FTIR. The resulting dark red solution was treated with PMe3 (0.062 g, 0.811 mmol), 
and stirred for an additional 10 min.  The solvent was evaporated in vacuo, and the solid was 
extracted into 5 mL of hexanes and chromatographed on silica (7 in by 0.5 in) in a glove box. 
Hexanes were used remove first band followed by 95:5 hexanes: CH2Cl2 to obtain 4
Me
.  The 
solvent was removed to yield a red solid that was recrystallized from hexanes at -40 ºC.  Yield: 
0.171 g (45 %).  
13
C NMR (127.7 MHz, d8-toluene, 20 ºC) δ 13.50 (d, 1C, P(CH3)3, JPC = 28.9 
Hz),47.29 (s, 1C, NCH3), 52.01,(s, 1C, NCH2Fe), 67.77 (s, 1C, NCH2S), 207.9-215.13 (3s, 3 C, 
Fe(CO)3). 
31
P{
1
H} NMR (202.3 MHz, d2-CH2Cl2): δ 70.6 (s).  IR (CH2Cl2): νCO = 2034 (w), 
2021 (w), 1968 (s), 1939 (m), 1905 (w) cm
-1
. Anal. Calcd for C11H16Fe2NO5PS: C, 31.68; H, 
3.87; N, 3.36.  Found: C, 31.67; H, 3.61; N, 3.39.   
Reaction of 1
Me
 with PPh3, and dppe.  The diiron complex 1
Me
 and one mole equivalent 
of the phosphine were dissolved in MeCN or CH2Cl2, and treated drop wise with one mole 
equivalent of Me3NO·2H2O in MeCN.  The resulting mixture was stirred for 3 h at room 
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temperature, and the solvent was evaporated to dryness in vacuo. The red solid was extracted in a 
minimum amount of CH2Cl2 (~10 mL), and chromatographed on silica gel with CH2Cl2 as the 
eluent. The dried red or orange powders were recrystallized from CH2Cl2 with hexanes.  
Fe2[SCH2N(Me)CH2](CO)5(PPh3) (3
Me
).  The above general procedure was applied to 
reaction of 1
Me
 (0.33 g, 0.75 mmol) and PPh3 (0.20 g, 0.75 mmol) in MeCN (30 mL) followed by 
a solution of Me3NO·2H2O (0.083 g, 0.75 mmol) in MeCN (15 mL).  Yield: 0.31 g (61%).  
13
C 
NMR (127.7 MHz, CD2Cl2, 20 ºC): 64.68 (s, 1C, NCH2Fe), 72.55 (s, 1C, NCH2S).  
1
H NMR 
(500 MHz, CD2Cl2): δ 1.75 (d, 1H, NCH2Fe), 1.79 (d, 1H, NCH2Fe), 3.21 (d, 1H, NCH2), 3.27 
(dd, 1H, NCH2S), 3.33 (d, 1H, NCH2), 4.16 (dd, 1H, NCH2S), 6.96-7.72 (m, 20H, C6H5).  
31
P{
1
H}  NMR ( 202.3 MHz,  d2-CH2Cl2): δ 70.6 (s).  IR (hexane): νCO = 2042 (vs), 1979 (vs), 
1971 (vs), 1957 (s), 1924 (s) cm
-1
.  Anal. Calcd. for C26H22Fe2NO5PS: C, 51.77; H, 3.68; N, 
2.32.  Found: C, 52.27; H, 3.70; N, 2.48. 
 Fe2[SCH2N(Me)CH2(CO)4(dppe) (5
Me
).  The above general procedure was applied to 
reaction of 1
Me
 (1.00 g, 2.7 mmol) and dppe (1.08 g, 2.7 mmol) in CH2Cl2 (50 mL); treated with 
Me3NO·2H2O (0.30 g, 2.7 mmol) in MeCN (35 mL).  Yield: 0.821 g (97%).  
13
C NMR (100.3 
MHz, dCD2Cl2): δ20.8 (t, 1C, PCH2CH2P), 27.3 (t, 1C, PCH2CH2P), 559.74 (d, 1C, NCH2Fe), 
75.46 (d, 1C, NCH2S), 213.54-224.93 (4d, 4C, Fe(CO)2).
1
H NMR (500 MHz, d2-CH2Cl2): δ2.06 
(s, 3H, NCH3), 2.56 (dd, 1H, NCH2Fe), 3.02 (d, 1H, NCH2Fe), 3.68 (dd, 1H, NCH2S), 5.01 (d, 
1H, NCH2S), 0.9-2.10 (m, 10H, PCH2CH2P), 7.37-7.95 (m, 20H, P(C5H6)2).  
31
P{1H}  NMR ( 
202.3 MHz, d2-CH2Cl2): δ 58.44 (d, PCH2CH2P, Jpp = 12 Hz), 65.65 (d, PCH2CH2P).  IR 
(hexane): νCO = 2042 (vs), 1979 (vs), 1971 (vs), 1957 (s), 1924 (s) cm
-1
.  Anal. Calcd for 
C33H31Fe2NO4P2S: C, 55.72; H, 4.39; N, 1.97. Found: C, 55.91; H, 4.34; N, 2.04. 
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Chapter 5. Stability of Azadithiols, Synthesis of Ni(azadithiolate)dppe and of a 
Ni(-Cl)Fe complex with a pendant amine base. 
This work was partly adapted from: “N-Substituted Derivatives of the Azadithiolate 
Cofactor from the [FeFe]-Hydrogenases: Stability and Complexation”, Submitted for 
publication. 
 
The hydrolysis of aza-bis(thioester) compounds was hypothesized to yield azadithiols (Eq 
5.1). However, 
1
H NMR analysis of the acid catalyzed hydrolysis of BnN(CH2SAc)2  showed the 
formation of  [SCH2N(Bn)CH2]2 (Figure 5.1). The NMR yield of [SCH2N(Bn)CH2]2 was 63%, 
but only traces of the purified compound were obtained by washing the crude mixture with 
water. It was shown that [SCH2N(Bn)CH2]2 could be synthesized in large yields and analytical 
purity by a condensation of BnNH2, CH2O, and excess NaHSx·H2O (Figure 5.1).
1,2
 The reaction 
does not yield NMR-detectable amounts of trithiane ((SCH2)3), a result consistent with the 
stoichiometry in eq 5.2.  
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Figure 5.1. 
1
H NMR spectra (DMSO-d6, 500 MHz) of crude products from hydrolysis of 
BnN(CH2SAc)2 (bottom), [SCH2N(Bn)CH2]2 isolated from crude products (middle), 
[SCH2N(Bn)CH2]2 synthesized from condensation of BnNH2, CH2O, and NaSH·xH2O (top).  * 
refers to the two CH2 resonances of [SCH2N(Bn)CH2]2. The signals at 2.50, 3.33, and 3.71 are 
for DMSO-d5, H2O, and 1,3,5-trimethoxybenzene (integration standard), respectively.  
 
As shown in Chapter 4 reaction of [SCH2N(R)CH2]2 with Fe3(CO)12 yields 
Fe2[SCH2N(R)CH2](CO)6, instead of the typical Fe2[(SCH2)2NR](CO)6 derivatives.
1,3
  Following 
these results base catalyzed hydrolysis of NR(CH2SAc)2  (R = Bn, Ar) were investigated. ESI-
MS of the base catalyzed hydrolysis of NR(CH2SAc)2 showed that [SCH2N(R)CH2]2 is obtained 
for R = 4-Cl-C6H4.  
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Due to the instability of the RN(CH2SH)2, the synthesis of the  sodium salt  
RN(CH2SNa)2 from the reaction of RN(CH2SAc)2  with NaOtBu in the absence of water was 
investigated. The sodium salt could not be isolated, but when cleavage of RN(CH2SAc)2  with 
NaOtBu was done in the presence of   NiCl2(dppe), the putative azadithiolate could trapped by 
the metal complex (Scheme 5.1).These trapping experiments rapidly afforded modest to high 
yields of orange microcrystalline solids identified as Ni[RN(SCH2)2]dppe (R = Bn, 4-Cl-C6H4) 
(Scheme 5.1). These complexes are however prone to decomposition upon standing in THF of 
CH2Cl2 and were not isolated in analytical purity. 
 
Scheme 5.1. Synthesis of Ni[RN(SCH2)2]dppe by trapping of unstable 
R
N(CH2SNa)2 
 
Recrystallization of the Ni[RN(SCH2)2]dppe complexes from THF/pentane and 
CH2Cl2/pentane led to crystals of the complexes and an unknown product that was insoluble in 
THF. The 
31
P{
1
H} NMR spectrum of either complex shows one resonance for the phosphine. In 
the 
1
H NMR spectrum of Ni[(SCH2)2
R
N]dppe, the CH2 hydrogens of the six-member ring appear 
as a singlet. This suggests that a dynamic process is occurring on the NMR time-scale.  
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Figure 5.2. 
1
H NMR spectrum (CD2Cl2, 500 MHz) of Ni[(4-Cl-C6H4)N(SCH2)2](dppe). 
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Figure 5.3. 
31
P{
1
H} NMR spectrum (CD2Cl2, 202 MHz) of  Ni[(4-Cl-C6H4)N(SCH2)2](dppe). 
 
 Ni[(4-Cl-C6H4)N(SCH2)2](dppe) was crystallographically characterized from crystals 
grown from a CH2Cl2 solution layered with pentane at - 40 °C. In addition to the orange crystals, 
green crystals were observed when recrystallization was done by layering THF solutions with 
pentane. Since only one product was observed in the NMR for all color crystals it is proposed 
that the green crystals are either solvate analogs of the orange ones or tetrahedral isomers. The 
structure of the orange crystals shows a distorted square-planar geometry with a twist angle of 
P2NiS2 of 27.60 º.   
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Figure 5.4.  ORTEP of Ni[(SCH2)2N(4-Cl-C6H4)](dppe) with 50% probability ellipsoids. 
Solvent molecules have been omitted for clarity. Selected distances (Å): Ni1-S1, 2.1737(9); Ni1-
S2, 2.1792(10); Ni1-P1, 2.1651(10); Ni1-P2, 2.1663(10). Selected angles (°): S1-Ni1-S2, 
104.66(4); P1-Ni1-P2, 85.88(4); P1-Ni1-S1, 156.77(4); P2-Ni1-S1, 87.44(4); P1-Ni1-S2, 
89.04(4); P2-Ni1-S2, 158.65(4); C27-N1-C28, 112.7(3), C27-N1-C29, 118.5 (3); C28-N1-C29, 
112.00(2). 
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Figure 5.5. 
1
H NMR spectrum (CD2Cl2, 500 MHz) of Ni[BnN(SCH2)2](dppe). 
 
 
Figure 5.6. 
31
P{
1
H} NMR spectrum (CD2Cl2, 202 MHz) of  Ni[BnN(SCH2)2](dppe). 
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Protonation of Ni[BnN(SCH2)2](dppe) 
Treatment of Ni[BnN(SCH2)2](dppe) with HOtf (1 equiv) in CD2Cl2 resulted in 
protonation, signaled by a change in color from orange to yellow-orange. The
 31
P{
1
H} NMR 
singlet only shifts by 3 ppm upon protonation, but the 
1
H NMR is drastically changed. Upon 
treatment with HOTf a new singlet is observed at δ 8.84 assigned to NH, and the symmetry of 
the Ni[(SCH2)2NBn](dppe) is lifted. While the unprotonated species showed a singlet for the 
SCH2N groups, the protonated species shows separate doublets-of-triplets for the inequivalent 
hydrogens (Figure 5.7). Protonation of the Ni[(SCH2)2N(4-Cl-C6H4)](dppe) complex leads to 
decomposition, which may be due to increases lability  of the adt upon protonation. 
Figure 5.7. 
1
H NMR spectrum (CD2Cl2, 500 MHz) of [(HBnN)Ni(SCH2)2](dppe)]Otf. The 
resonances at 5.32 and 3.69 are for CHDCl2 and THF, respectively. 
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Figure 5.8. 
31
P{
1
H} NMR spectrum (CD2Cl2, 202 MHz) of [(HBnN)Ni(SCH2)2](dppe)]Otf. 
 
The pKa
MeCN
 of the amine could not be determined since protonation labilizes the 
complex in MeCN solution.  Nonetheless, addition of increasing amounts of BnNH3
+ 
(pKa
MeCN
 = 
16.76) or Bu3NH
+ 
(pKa
MeCN
 = 18.03) to Ni[BnN(SCH2)2](dppe)  shifts the 
31
P{
1
H} NMR 
resonance towards higher energy (Figure 5.9). 
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Figure 5.9.
31
P{
1
H} NMR spectrum (CD2Cl2, 202 MHz) of Ni[BnN(SCH2)2](dppe) with 
increasing amounts of Bu3NHBF4 in the presence of the internal standard PPh4BAr
F
4 in MeCN. * 
refers to Ni[BnN(SCH2)2](dppe), the signals present at 45 ppm and 54 ppm are unknown.  
 
Electrochemical Behavior of Ni[RN(SCH2)2](dppe).   
Cyclic voltammograms (CVs) of Ni[BnN(SCH2)2](dppe) in CH2Cl2 feature irreversible 
oxidations at 0.11 V vs Fc
0/+ 
and  reduction at –2.02 V (all potentials are referenced to Fc0/+  = 
0V).  The cathodic wave is shifted to   –1.55 V (470 mV shift) upon addition of one equiv of 
CF3CO2H in CH2Cl2.  The anodic shift is attributed to protonation of the amine, and more facile 
reduction of the cation [Ni[(BnHN)(SCH2)2](dppe)]
+
 relative to their conjugate bases.  Anodic 
shifts of 390 mV have been previously reported for related diiron azadithiolate catalysts.
4,5
  In 
the presence of CF3CO2H (1 equiv), no anodic peaks are observed when scanning in the positive 
direction.  However, once [Ni(BnHN)(SCH2)2](dppe)]
+
 has been reduced, the anodic peak 
corresponding to [Ni[(BnN)(SCH2)2](dppe)]
0/+
 reappears.  These observations are consistent with 
the series of electron transfer and chemical steps in eq 5.3 – 5.7.   
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Ni
II
[BnN(SCH2)2](dppe) + H
+   [NiII[(HBnN)(SCH2)2](dppe)]
+
                           (5.3) 
[Ni
II
[(HBnN)(SCH2)2](dppe)]
+
  +  e
−
   [NiI[(HBnN)(SCH2)2](dppe)]
0
                 (5.4) 
[Ni
I
[(HBnN)(SCH2)2](dppe)]
0 
+  H
+
      [NiIII[(HBnN)(SCH2)2](dppe)]
+
                 (5.5) 
[Ni
III
[(HBnN)(SCH2)2](dppe)]
+
   [NiIII[BnN(SCH2)2](dppe)]
+
 +  H2                 (5.6) 
[Ni
III
[BnN(SCH2)2](dppe)]
+
  +  e
−
    [NiII(HBnN)(SCH2)2](dppe)]
+ 
                    (5.7) 
 
 
Figure 5.10.  Cyclic voltammograms of [Ni[BnN(SCH2)2](dppe)]
0/+
 at various scan-rates 
(mV/s). Conditions: 1 mM analyte and 0.1M [Bu4N]PF6 electrolyte in CH2Cl2 solution; glassy 
carbon working electrode, Ag/AgCl reference electrode, and Pt counter electrode.  
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Figure 5.11.  Cyclic voltammograms of [Ni[BnN(SCH2)2](dppe)]
0/-
 at various scan rates (mV/s). 
Conditions: 1 mM analyte and 0.1 M [Bu4N][PF6] electrolyte in CH2Cl2 solution; glassy carbon 
working electrode, Ag/AgCl reference electrode, and Pt counter electrode.  
 
Figure 5.12.  Cyclic voltammograms of  [Ni[(HBnN)(SCH2)2](dppe)]
+/0
 at various scan rates 
(mV/s). Conditions: 1 mM analyte and 0.1 M [Bu4N]PF6 electrolyte in CH2Cl2; glassy carbon 
working electrode, Ag/AgCl reference electrode, and Pt counter electrode.  
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Upon addition of increased amounts of CF3CO2H to [Ni[(SCH2)2NHBn](dppe)]
+
, current 
increases are observed, which are attributed to catalytic reduction of the acid to give H2. The 
graph of current vs [CF3CO2H] plateaus at 500 mM of acid, which corresponds to a turnover 
frequency of 22 s
–1 
according to the analysis described in the literature (Figure 5.13).
6
  
Additionally, a controlled experiment is shown in Figure 5.14, which shows that the glassy 
carbon can also reduce [CF3CO2H] at the potentials being applied. 
 
 
Figure 5.13. Cyclic voltammograms of [Ni[BnN(SCH2)2](dppe)]
0/-
 with increasing 
concentrations of CF3CO2H. Conditions: 1 mM analyte and 0.1 M [Bu4N]PF6 electrolyte in 
CH2Cl2 solution; glassy carbon working electrode, Ag/AgCl reference electrode, and Pt counter 
electrode; 100 mV/s scan rate.  
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Figure 5.14. Plot of ipcat/ip of [Ni[BnN(SCH2)2](dppe)]
0/-
 (1 mM) versus [CF3CO2H] added, 
where ip is the current with 1 mM acid.  Inset: rate calculation of hydrogen production from 
highest ipcat/ip values. 
 
 
Figure 5.15. Cyclic voltammograms of CF3CO2H reduced by glassy carbon working electrode. 
Conditions: 0.1 M [Bu4N]PF6 electrolyte in CH2Cl2 solution, Ag/AgCl reference electrode, and 
Pt counter electrode; 100 mV/s scan rate. Fc was added as an internal reference after the last CV.  
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 Cyclic voltammograms of Ni[(4-Cl-C6H4)N(SCH2)2](dppe) in CH2Cl2 feature irreversible 
oxidations at 0.22 V and a quasi-reversible reduction at E½ = –1.88 V. The shifts to more positive 
potentials for the cathodic and anodic events with R = 4-Cl-C6H4 versus R = Bn further reflect 
the influence the amine substituent can have on the metal center, despite its remoteness. The 
electron-withdrawing 4-chlorophenyl moiety is more effective than benzyl at stabilizing the 
reduction products. This is evidenced by the current ratio (ipa/ipc) of 0.73 at 500 mVs
–1
 for the 
complex with R = 4-Cl-C6H4, while for the R = Bn species the reduction is completely 
irreversible at the same scan-rate. 
 
Figure 5.16. Cyclic voltammograms of Ni[(4-Cl-C6H4)N(SCH2)2](dppe)
0/+
 at various scan-rates 
(mV/s). Conditions: 1 mM analyte and 0.1M [Bu4N]PF6 electrolyte in CH2Cl2 solution; glassy 
carbon working electrode, Ag/AgCl reference electrode, and Pt counter electrode.  
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Figure 5.17. Cyclic voltammograms of [Ni[(4-Cl-C6H4)N(SCH2)2](dppe)]
0/-
 at various scan-rates 
(mV/s). Conditions: 1 mM analyte and 0.1M [Bu4N]PF6 electrolyte in CH2Cl2 solution; glassy 
carbon working electrode, Ag/AgCl reference electrode, and Pt counter electrode.  
 
Synthesis of NiFe and FeFe complexes with Terminal Pendant Base 
 The incorporation of the diphosphine ligand (Et2PCH2)2NMe (depa) on NiFe complexes 
was also investigated to stablish the effect of pendant bases on rates of catalysis with 
heterometallic hydrogenase mimics. As discussed in the introduction, the importance of the 
azadithiolate cofactor in FeFe-H2ases has been well stablished in part due to the study of metal 
complexes. It has been proposed that for NiFe-H2ases the terminal cysteinates ligated to nickel 
shuttle protons to the metal centers in an analogous fashion to the adt cofactor.
7
 Incorporation of 
azadithiolate on Ni was shown above, and moving forward the synthesis of NiFe complexes with 
these Ni(azadithiolates) should be investigated. 
 In an attempt to get the same functionality provided by the azadithiolate cofactor the 
synthesis of [((Et2PCH2)2NMe)Ni(-H)(-pdt)Fe(dppv)(CO)]
+
 was investigated using the same 
methodology as in Chapter 2. Only the synthesis of [((Et2PCH2)2NMe)Ni(-Cl)(-
pdt)Fe(dppv)(CO)]BF4 so far (Scheme 5.2).  
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Scheme 5.2. Synthesis of [((Et2PCH2)2NMe)Ni(-Cl)(-pdt)Fe(dppv)(CO)]BF4, [Ni(-
Cl)Fe]BF4. 
 
 ESI-MS of the crystalline product obtained from the reaction in scheme 5.2 showed the 
presence of the wanted [Ni(-Cl)Fe]+ complex as the major product, and of the byproduct 
[CO((Et2PCH2)2NMe)Fe(-Cl)(-pdt)Fe(dppv)(CO)]
+
 [Fe(-Cl)Fe]+ (Figure 5.18). A 31P{1H} 
NMR spectrum of the crystalline mixture showed a ratio of approximately 1:0.1 [Ni(-Cl)Fe]BF4 
: [Fe(-Cl)Fe]BF4 (Figure 5.19).The 
31
P resonances of [Ni(-Cl)Fe]BF4 were assigned by 
analogy to the [(dppv)Ni(-Cl)(-pdt)Fe(dppv)(CO)]BF4 complex discussed in chapter 2, and by 
comparison to the 
31
P{
1
H} NMR resonances of NiCl2depa (δ14.4 in CD2Cl2) and 
Fe(CO)2dppv(pdt). 
 
 
Figure 5.18. Low resolution ESI-MS spectrum of [Ni(-Cl)Fe]+, and the byproduct [Fe(-
Cl)Fe]
+
.  
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Figure 5.19.
 31
P{
1
H} NMR spectrum (CD2Cl2, 202 MHz) of [Ni(-Cl)Fe]BF4 and [Fe(-
Cl)Fe]BF4. 
 
The two bimetallic complexes, [Ni(-Cl)Fe]BF4 and [Ni(-Cl)Fe]BF4 crystallize together 
as twinned crystals, which were refined crystallographically. In the twinned crystals there is 
disorder of the BF4 counter ion, the -Cl ligand, and some of the Et groups of (Et2PCH2)2NMe. 
Additionally, there is substitutional disorder in which the ((Et2PCH2)2NMe)Ni segment of the 
NiFe complex can also be occupied by the CO((Et2PCH2)2NMe)Fe(2) segment of the FeFe 
complex. The refinement of the twinned crystals was achieved with R indices R1 = 0.0332 and 
wR2 = 0.0955 (Figure 5.20 - 5.21).  
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Figure 5.20. ORTEP of [((Et2PCH2)2NMe)Ni(-Cl)(-pdt)Fe(dppv)(CO)]
+ 
with 50% probability 
thermal ellipsoids. Solvent molecules and counter ion were omitted for clarity. Selected distance 
(Å): Ni(1)-Cl(1), 2.673(8);  Cl(1)-Fe(1), 2.357(9); Ni(1)-P(2), 2.2079(15); Ni(1)-P(1) , 
2.2099(16); Ni(1)-S(2), 2.2805(14); Ni(1)-S(1), 2.2832(15); Fe(1)-P(4) , 2.2271(14); Fe(1)-P(3), 
2.2321(14); Fe(1)-S(2), 2.3127(14), Fe(1)-S(1), 2.3218(14); Selected angles (º): Fe(1)-Cl(1)-
Ni(1), 72.8(2); P(2)-Ni(1)-P(1), 94.94(6); S(2)-Ni(1)-S(1), 82.79(5); P(4)-Fe(1)-P(3), 87.43(5); 
S(2)-Fe(1)-S(1), 81.26(5). 
 
 
 
Figure 5.21. ORTEP of [CO((Et2PCH2)2NMe)Fe(-Cl)(-pdt)Fe(dppv)(CO)]
+ 
 with 50% 
probability thermal ellipsoids. Selected distance (Å): Fe(1)-Cl(1B), 2.350(7); Fe(2)-Cl(1B), 
2.250(9); Fe(1)-P(4) , 2.2271(14); Fe(1)-P(3), 2.2321(14); Fe(1)-S(2), 2.3127(14), Fe(1)-S(1), 
2.3218(14); Fe(2)-P(1), 2.2099(16); Fe(2)-P(2),  2.2079(15); Fe(2)-S(2), 2.2805(14); Fe(2)-S(1), 
2.2832(15). Selected angles (º): Fe(2)-Cl(1B)-Fe(1), 81.3(2); P(4)-Fe(1)-P(3), 87.43(5);  S(2)-
Fe(1)-S(1), 81.26(5); S(2)-Fe(2)-S(1), 82.79(5); P(2)-Fe(2)-P(1), 94.94(6). 
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The FTIR of [Ni(-Cl)Fe]BF4 in acetone shows one band at 1943 cm
-1, 
which is 
comparable to the analogous -Cl complexes discussed in chapter 2. A weak band in the FTIR at 
1920 cm
-1 
is also observed, which may be for the [Fe(-Cl)Fe]BF4  complex.  
 
 
Figure 5.22. FTIR spectrum of [Ni(-Cl)Fe]BF4 and traces of [Fe(-Cl)Fe]BF4 in acetone. 
 
The reduction of [Ni(-Cl)Fe]BF4 with two equivalents of K[Fe(C5H5)(CO)2] did not 
cleanly afford a Ni(I)Fe(I) as was shown for other -Cl complexes in chapter 2. The Ni(I)Fe(I) 
complex may be unstable relative to labilization due to the high electron density of the 
(Et2PCH2)2NMe ligand. Impure products were previously obtained for the reduction of [Ni(-
Cl)Fe]BF4 complexes conatining dppe and/or dppBz ligands. Only when the weaker donor dppv 
was utilized was a clean conversion to a Ni(I)Fe(I) complex observed. Based on these 
observations it is proposed that the reduction of the [Ni(-Cl)Fe]BF4 is preceded by protonation 
of to generate a Ni(I)Fe(I) with a protonated amine. The amine may result in transfer the proton 
to the metal centers instead of isolation of the Ni(I)Fe(I) complex to produce a [Ni(-H)Fe]BF4 
complex directly (Scheme 5.3).  
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Scheme 5.3. Proposed synthesis of [Ni(-H)Fe] complex from a [Ni(-Cl)Fe]BF4 by protonation 
followed by a two electron reduction. 
 
 
Conclusions 
 Azadithiols are unstable with respect to cyclization to [SCH2NR)CH2]2 As part of this 
project it was shown that for R = tosyl the azadithiol are isolable. Additionally, when R = 4-Cl-
C6H4 the base hydrolysis in the presence of NiCl2dppe leads to better yields and cleaner products 
than for R = Bn. These results show that the decomposition of azadithiols is influenced by the 
basicity of the amine. Electron-withdrawing groups on the amine stabilize the azadithiol, but 
decrease the basicity of the amine. With R = Bn, weak acids can still be used to protonate the 
amine, which is necessary for the desired biomimetic catalytic mechanism in which the amine 
relays protons to the metal center (See Chapter 1). Even with the pendant base the catalytic 
activity was low, which is attributed to the lack of a metal-hydride within bonding distance of the 
protonated amine. In going forward the ease of synthesis of Ni(adt)dppe must be paired with a 
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metal-hydride functionality to improve rates of hydrogen production. The synthesis of a [Ni(-
Cl)Fe]
+
 complex with a pendant amine was investigated as a route to a bimetallic NiFe complex 
containing both a metal-hydride and a protonated amine. The successful synthesis of the [Ni(-
Cl)Fe]
+
 complex is promising, but further investigation of their reactivity is necessary. 
Experimental Section  
 General Considerations.  Unless otherwise stated, reactions were conducted using 
standard Schlenk techniques, and all reagents were purchased from Sigma-Aldrich or Fisher. 
Unless otherwise noted, all solvents were HPLC grade and purified using an alumina filtration 
system (Glass Contour, Irvine, CA). ESI-MS data were acquired using a Waters Micromass 
Quattro II or ZMD spectrometer with analytes in dilute CH2Cl2 solution.  Analytical data were 
acquired using an Exeter Analytical CE-440 elemental analyzer. NMR data were acquired using 
a Varian U400, U500 or VXR500 spectrometer.  Chemical shifts (in ppm) were referenced to 
residual solvent peaks (for 
1
H, 
13
C) or external 85% H3PO4 (for 
31
P). Solution IR spectra were 
recorded on a Perkin-Elmer Spectrum 100 FTIR spectrometer. Crystallographic data were 
collected using a Siemens SMART diffractometer equipped with a Mo Kα source (λ = 0.71073 
Å) and an Apex II detector. 
 
Hydrolysis of BnN(CH2SAc)2.  A solution of BnN(CH2SAc)2 (0.58 g, 2.00 mmol) in 10 mL of 
EtOH was treated with a 2 M solution of HCl in Et2O (4.00 mL, 8.00 mmol) under Ar. After 
stirring the mixture for 15 h, the white precipitate was isolated by filtration in air and washed 
with 2 × 5 mL of EtOH.  Yield (of impure dry precipitate): 0.370 g.  
1
H NMR analysis of the 
precipitate with 1,3,5-C6H3(OMe)3 showed that the solid consisted of 63% [BnNCH2SCH2]2, 
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indicating a yield of 0.23 g of [BnNCH2SCH2]2.  Theoretical yield: 2 mmol × 0.165 mg/equiv = 
330 mg.   
[SCH2N(Bn)CH2]2. The following is an adaptation of a method for the 
methylbenzylamine derivative.
8
  A solution of benzylamine (4.9 g, 0.045 mol) in 90 mL of 
MeOH was added to cold 37% aqueous formaldehyde (27 mL, 0.352 mol) at 0 °C.  After stirring 
for 5 min at 0 °C, the solution was treated with a solution of NaSH·xH2O (13.53 g, 0.12 mol) in 
115 mL of MeOH.  After stirring for 5 min at 0 °C for 24 h, the cloudy solution was 
concentrated to half its volume under vacuum causing an oil to precipitate.  Approximately 30 
mL of the oil was separated from the reaction mixture using a separatory funnel.  The oil was 
mixed with 30 mL of acetone and diluted with 60 mL of EtOH.  The solution was concentrated 
under vacuum until white crystals formed.  The crystals were isolated by filtration and washed 
with 2 × 20 mL of EtOH.  Yield: (0.560 g, 18 %). 
1
H NMR (500 MHz, DMSO-d6) δ 7.24-7.34 
(m, J = 15.8, 7.4 Hz, 10H), 4.54/ 4.51/4.38/4.35 (ABq, 8H), 3.87 (s, 4H). Anal. Calcd for 
C18H22N2S2: C, 65.41; H, 6.71; N, 8.48.  Found: C, 65.18; H, 6.66; N, 8.43.  ESI-MS (m/z): 331 
(MH
+
). 
Ni[(SCH2)2N(4-Cl-C6H4)](dppe).  A slurry was prepared of (4-Cl-C6H4)N(CH2SAc)2 
(304 mg, 1.00 mmol), NaO
t
Bu (192.2 mg, 2.00 mmol), and NiCl2(dppe) (528.0 mg, 1.00 mmol)  
in THF (45 mL) at –78 °C with stirring.  After 4 h, the purple-red mixture was allowed to warm 
to room temperature and filtered. From the filtrate, green microcrystals began to form and the 
mixture was layered with pentane. Red-orange and green crystals formed, the solution was 
decanted via cannula and the crystals were dried under vacuum causing all crystals to turn 
orange. In the glovebox, the crystals were carefully isolated using a pipette, the remainder of the 
material (an orange powder) being recrystallized from CH2Cl2/pentane. The combined crops 
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were washed with pentane (2 × 10 mL), and dried to afford the title compound as red-orange 
product.  Yield: 0.505 (75%).  
1
H NMR (500 MHz, CD2Cl2, 298 K): δ 7.67 (m, 8H, Ph), 7.51 (m, 
4H, Ph), 7.51 (m, 8H, Ph), 7.24 (d, 
3
JHH = 6.7 Hz, 2H, meta C6H4), 6.92 (d, 
3
JHH = 9.0 Hz, 2H, 
ortho C6H4), 4.38 (s, 4H, SCH2), 2.11 (d, 
3
JPH = 16.9 Hz, 4H, PCH2).  
31
P{
1
H} NMR (202 MHz, 
CD2Cl2, 298 K): δ 58.27. 
 Ni[(SCH2)2NBn](dppe).  A slurry was prepared of BnN(CH2SAc)2 (283.4 mg, 1.00 
mmol), NaO
t
Bu (192.2 mg, 2.00 mmol), and NiCl2(dppe) (528.0 mg, 1.00 mmol)  in THF (45 
mL) at –78 °C with stirring.  After 4 h, the purple-red mixture was allowed to warm to room 
temperature and filtered, with the filtrate being carefully layered with pentane. Red-orange 
crystals of the product were carefully isolated using a pipette, the remainder of the material (an 
orange powder) being recrystallized from CH2Cl2/pentane. The combined crops were washed 
with pentane (2 × 10 mL), and dried to afford the title compound as red-orange crystals.  Yield: 
210 mg (32%).  
1
H NMR (500 MHz, CD2Cl2, 298 K): δ 7.89 (m, 8H, H2), 7.53 (m, 4H, H4), 
7.49 (m, 8H, H3), 7.33 (d, 
3
JHH = 7.5 Hz, 2H, H2-CH2Ph), 7.24 (dd, 
3
JHH = 7.5 Hz, 
3
JHH = 7.5 
Hz, 2H, H3-CH2Ph), 7.19 (d, 
3
JHH = 7.5 Hz, 1H, H4-CH2Ph), 3.99 (s, 2H, CH2Ph), 3.90 (d, 
4
JPH 
= 4.3 Hz, 4H, SCH2), 2.18 (d, 
3
JPH = 16.9 Hz, 4H, PCH2).  
31
P{
1
H} NMR (202 MHz, CD2Cl2, 
298 K): δ 57.3.  ESI-MS: m/z 654.1 [MH]+.   
 In-situ protonation of Ni[(SCH2)2NBn](dppe).  A solution of Ni[(SCH2)2NBn](dppe) 
(5.4 mg, 8.25 mol) in 0.5 mL of CD2Cl2 in a J-young tube was treated with HOTf (8.4 L, 1 M) 
resulting in a color from orange to yellow-orange.  
1
H NMR (500 MHz, CD2Cl2): δ 8.84 (br. s, 
1H, N(H)Bn), 7.80 - 7.36 (m, 20 H, PPh2), 4.19 (dt, 
3
JHH = 12.4, 4.0 Hz, 2H, SCH2N), 3.79 (dt, 
3
JHH = 12.4, 4.2 Hz, 2H, SCH2N). (ddt, 
3
JPH = 14.3 Hz, 
3
JHH = 7.9, 3.7 Hz,  4H, PCH2). 
31
P{
1
H} 
NMR (202 MHz, CD2Cl2, 298 K): δ 61.03 (s, 2P, (PPh2PCH2)2). 
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[((Et2PCH2)2NMe)Ni(-Cl)(-pdt)Fe(dppv)(CO)]BF4 and [CO((Et2PCH2)2NMe)Fe(-Cl)(-
pdt)Fe(dppv)(CO)]BF4. A 100-mL schlenk flask was charged with NiCl2(depa) (0.1 g, 0.271 
mmol), Fe(CO)2dppv(pdt) (0.167 g, 0.271 mmol), and NaBF4 (0.06 g, 0.542 mmol). The solid 
were mixed with 50 mL distilled acetone and refluxed for 3 hr. An FTIR of the reaction mixture 
was recorded to confirm consumption of the Fe(CO)2dppv(pdt) reagent. The reaction mixture 
was cooled in an ice bath, and filtered through a pad of Celite. The solvent was removed in 
vacuo and the resulting red solid was recrystallized from 20 mL CH2Cl2 and 30 mL pentane at    
0 °C. 
31
P{
1
H} NMR (202 MHz, CD2Cl2) δ 74.16 (Fe(2P)), 4.90 (Ni(2P). IR (acetone): CO = 
1943 (s) cm
-1
. 
Acknowledgements: The preparation of Ni[(SCH2)2NBn](dppe) was developed by Dr. David 
Schilter and repeated here.  
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Chapter 6. Cyclopentadienyl iron Models of the NiFe-H2ases 
Introduction  
In recent years, [CpFe
II
L3]
n
 piano stool complexes have been studied as building blocks 
to model the electronic structure of  NiFe-H2ases (Figure 6.1).
1-4
 Darensbourg and coworkers 
highlighted the electronic resemblance of the K[FeCp(CN)2CO] complex with that of the NiFe-
H2ase enzyme, D.Gigas.
5
 The similarities in both structure and IR band shifts between the Fe 
centers of K[FeCp(CN)2CO] and NiFe-H2ase suggest that the cyclopentadienyliron complex’s 
electronic properties would closely mimic that of the enzyme. Schröder’s synthesis of 
[(CO)CpFe(-pdt)Ni(dppe)]PF6  is one of the earliest examples of NiFe-H2ase models that 
incorporated the FeCp building block.
6
 Moderate yields of [(CO)CpFe(-pdt)Ni(dppe)]PF6 were 
obtained via the precursors (CO)2CpFeI and Ni(pdt)(dppe), along with the formation of 
[(dppe)Ni(-pdt)(-Cl)Ni(dppe)]PF6 as a byproduct. Reactivity of the NiFe cation with acid was 
not described in their study.  
In a related study, the [FeCp(CO)2THF]
+
 cation was investigated as a possible catalyst for 
reduction of protons.
1
 Although catalytic activity was observed, rates of hydrogen production 
were low. Higher catalytic activity was achieved by utilizing [Ni(xbsms)FeCpCO]
+ 
(H2xbsms = 
1,2-bis(4-mercapto-3,3-dimethyl-2-thiabutyl)benzene as the catalyst.
2
 This complex was 
synthesized in low yields by treating [FeCp(CO)2THF]
+
 with Ni(xbsms) to form 
[Ni(xbsms)FeCp(CO)2]
+
, followed by loss of CO upon irradiation with UV light. Calculations 
revealed a probable mechanism of proton reduction catalysis.
2
 Unpublished results byArtero and 
coworkers demonstrate an improved synthesis of [Ni(xbsms)FeCp
R
CO]
+ 
 (R = H, 5 Me) by 
utilizing [FeCp
R
(MeCN)2CO]
+ 
as a building block. The goal of their research was to synthesize a 
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series of “NiFeCpR” complexes to better understand the structure-function relationship by which 
these complexes reduced acids, in an attempt to improve rates of hydrogen production.   
 
 
Figure 6.1. [CpFe
II
L3]
n  
building blocks for NiFe-H2ase model complexes.  
This collaborative study with the Artero lab expanded on the use of [FeCp
R
(MeCN)2CO]
+
 
complexes (1
R
, R = H, 1 Me, 5 Me, CO2Me) as  precursors for synthesizing bimetallic NiFe-
H2ase models. A comparison of cyclic voltammetry (CV) data for [Cp
R
Fe
II
(dithiolate)Ni
II
(L2)]
+ 
(L2 = dithioether, diphosphine)  complexes in the absence and presence of acids was conducted 
first to probe the electronic structure of each model, along with corresponding proton reduction 
activity. A second project entailed the synthesis [Cp
*
Fe
III
(-pdt)(-H)NiII(dppe)]+, with hopes of 
gaining a better structural and electronic understanding of a likely mimic of the Ni-C state of 
NiFe-H2ases. 
7
  The Ni-C state, the third EPR active state of NiFe-H2ase to be discovered, was 
shown to contain a  Ni
III
(SCys)4
2-
 fragment,
8
 along with a bridging hydrido ligand.
9
 Because of 
the difficulty in synthesizing a model complex containing a Ni
III
(SR)4
2-
 fragment,
10 
we sought to 
mimic the electronic state of Ni-C by synthesizing the cation [Cp*Fe
III
(-pdt)(-H)NiII(dppe)]+.  
 
Scheme 6.1. Proposed synthetic route toward the mixed-valence Ni-C model, [Cp*Fe
III
(-
pdt)(-H)NiII(dppe)]+. 
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Preparation of the cation [Cp
*
Fe
II
(-pdt)(-H)NiII(dppe)]+ required the isolation of a 
suitable cyclopentadienyliron precursor.  The synthesis of [FeCp
R
(MeCN)2CO]
+
 (R = 1 Me, 5 
Me) was previously achieved by photolyzing an acetonitrile solution of [FeCp
R
(CO)2THF]
+
.
11
  
Treatment of [FeCp
R
(MeCN)2CO]
+
  with one of the (dithiolate)NiL2 (L2 = diphosphine, 
dithioether) resulted in substitution of the MeCN ligands after 15 - 24 h at room temperature to 
afford the dithiolate bridged heterobimetallic complex (Scheme 6.2). The progress of these 
reactions was monitored by FTIR, and halted once the [FeCp
R
(MeCN)2CO]
+  
was consumed 
completely.  
 
Scheme 6.2. Synthesis of  [Cp
Me
COFe(xbsms)Ni]
+
, 2 (top) and  [Cp
*
COFe(-pdt)Ni(dppe)]+,  3 
(bottom). 
Purification of 2 by chromatography yields only 23% of the desired heterobimetallic 
complex, which is likely due to both slow elution of the product on silica gel and poor separation 
from Ni(xbsms). A second purification by chromatography, did not rid the product of Ni(xbsms). 
The crude product does not move on silica gel with eluents that did not contain CH2Cl2; 
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however, CH2Cl2 alone was not sufficient to elute the product. The presence of Ni(xbsms) could 
indicate decomposition of 2 on the silica gel column in air rather than the reaction’s progress 
being incomplete. The synthesis of 3 and its purification via chromatography in air proceeded 
cleanly to yield 68% of a crystalline material. Single crystals of 2 and 3 were characterized via 
X-ray crystallography, which revealed significantly different bond lengths and angles between 
the two complexes (Figure 6.2). 
 
Figure 6.2.  Molecular structures of [Cp
Me
COFe(xbsms)Ni]
+
  (2, left), and [Cp
*
COFe(-
pdt)Ni(dppe)]
+ 
(3, right) with 50% probability thermal ellipsoids. Counter ions and solvent 
molecules have been omitted for clarity.  
 
Table 6.1. Bond distances of interest for crystallographically characterized 2 and 3. All distances 
are given in angstroms.  
 Space 
group 
Ni - Fe Ni-  S1 
Ni - S2 
Ni - S3 
Ni - S4 
Ni - P1 
Ni - P2 
Fe - S1 
Fe - S2 
Fe – CpR 
centroid 
Fe-CO 
2 P-1 2.922(15) 2.178(2) 
2.163(2) 
2.186(2) 
2.178(2) 
N/A 2.304(2) 
2.305(2) 
1.727 (1) 1.752(10) 
3 P2(1)/n 3.084(5) 2.304(5) 
2.304(5) 
N/A 2.187(5) 
2.188(5) 
2.304 (5) 
2.287(5) 
1.730 (1) 1.755(19) 
 
The Ni-S1/Ni-S2 bond lengths for complexes 2 and 3 are significantly dissimilar, owing to 
the rigidity of xbsms
2-
 ligand in 2, and the pdt
2- 
ligand being only bidentate in 3. The nickel 
center of 2 is fixed in a square planar geometry, while the pseudo-square planar geometry of 3 is 
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influenced by steric interactions of pdt
2-
 and the diphosphine. Although the molecular structure 
of 3 identifies Ni(II) in a pseudo-square planar geometry, this geometry may be in equilibrium 
with a tetrahedral geometry as was the case for the complexes discussed in Chapter 4. The 
structural rigidity of 2 relative to 3 may lead to greater stability with respect to ligand 
dissociation and formation of monometallic species. Conversely, the rigidity of 2 could disfavor 
the formation of a Ni(I) center by locking the Ni atom in a square planar geometry. The Fe-
centroid and Fe–CO distances are similar for complexes 2 and 3, which implies that electronic 
natures of the Fe centers are similar. The FTIR spectra of 2 and 3 in CH2Cl2 show two bands of 
different intensities (Figure 6.3).  
 
Figure 6.3. FTIR of CH2Cl2 solutions of bimetallic complexes 2 and 3. 
The 
31
P{
1
H} NMR spectrum of 3 exhibits two inequivalent singlets in a 1:0.84 ratio 
(Figure 6.4), while the 
1
H NMR data displays two singlets corresponding to the Cp* ligands in a 
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1:0.85 ratio. Based upon these observations and the FTIR data, it is proposed that compounds 3 
and 2 exist as a mixture of rotational isomers. It has previously been proposed that the different 
isomers of [CpCOFe(xbsms)Ni]
+ 
 differ in the arrangement of the CO and Cp on the Fe.
4
  
 
 
Figure 6.4. 
31
P{
1
H}NMR spectrum (202.3 MHz, CD2Cl2 solution) of the 2, which displays a 
singlet for each of its two isomers. 
 
The cyclic voltammogram of 2 shows a quasi-reversible cathodic wave at E1/2 = -1.39 V 
vs Fc
0/+
 (all potentials listed are references to Fc
0/+ 
= 0). and an irreversible wave at Ec = - 2.02 V 
vs Fc
0/+ 
(Figure 6.5).  
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Figure 6.5. Cyclic voltammogram of 2 at various scan rates recorded with a reverse scan starting 
at -1.75 V (left) and -2.30 V (right). Conditions: 1 mM analyte in DMF, 0.1 M [Bu4N]BF4  
electrolyte, glassy carbon working electrode, Ag/AgCl reference electrode, and Pt wire counter 
electrode.  
 
Upon addition of increasing amounts of acid, a significant current increase is observed at 
the second cathodic wave of the CV of 2 (Figure 6.6). Due to the negative reduction potentials 
observed for 2 that precede the reduction of CF3CO2H. An overpotential of 1.34 V (at 10 mM 
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acid) is observed, due to the negative reduction potentials observed for 2 that precede the 
reduction of CF3CO2H, It is worth noting that plots of ipa/ipc versus scan-rate
1/2 
for the cathodic 
wave at E1/2 = -1.39 V vs Fc
0/+
in the two potential windows shown in figure 6.5 have different 
slopes. Thus when the potential window is large enough to allow for the second cathodic wave, 
there is a significant negative effect on the reversibility of the first wave. This may suggest that 
the two waves are for a single complex, but could also be the result of faster rates of 
decomposition of a one-electron reduced species at more negative potentials (Figure 6.6).  
 
Figure 6.6. Cyclic voltammogram of 2 with increasing ammounts of CF3CO2H in DMF (left) . 
Plot of ipa/ipc versus scan-rate
1/2 
for
 
cathodic wave at E1/2 = -1.39 V vs Fc
0/+ 
with reverse-scans at 
different potenials (right). 
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Figure 6.6 (cont.). 
 
The cyclic voltammetry of 3 vastly differs from that of 2 (Figure 6.7 – 6.8). Cyclic 
voltammograms of 3 in acetonitrile solution exhibit two cathodic waves at E1/2 = -1.57 and - 1.78 
V vs Fc
0/+
 and two anodic waves at E1/2 = -0.14 and 0.04 V vs Fc
0/+
. The slopes measured for the 
ipa/ipc versus scan-rate
1/2
 plots of the cathodic events are dissimilar, which implies that the two 
waves are independent of each other (Figure 6.7).  
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Figure 6.7. Cyclic voltammograms of 3 measured at various scan rates (top) and a corresponding 
plot of ipa/ipc versus scan-rate
1/2 
for each cathodic wave (bottom). Conditions: 1 mM analyte in 
MeCN, 0.1 M [Bu4N]PF6 electrolyte, glassy carbon working electrode, Ag/AgCl reference 
electrode, and Pt wire counter electrode.    
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The difference in scan rate dependence observed for the cathodic waves of 3 is further 
evidence that two species are present in solution. The slope of the line for ipa/ipc versus scan-
rate
1/2 
for the first cathodic wave is nearly zero, which may suggest that reduction of the first 
species is completely reversible. The current of the reverse scan may be hindered by the presence 
of another wave less than 200 mV away. Although, two anodic waves are present when the 
initial scan direction is anodic, only one is present when the initial scan direction is anodic. 
Based upon these observations, the cathodic and anodic waves were assigned to one of the two 
isomers (isomer 3A and 3B). The assignments are consistent with having the isomer that is 
hardest to reduce be the one that is easiest to oxidize (Figure 6.8).  
 
Figure 6.8. Cyclic voltammogram of 3 with an initial anodic scanning direction (top), and an 
initial cathodic scanning direction (right). Conditions: 300 mV/s, 1 mM analyte in MeCN, 0.1 M 
[Bu4N]PF6 electrolyte, glassy carbon working electrode, Ag/AgCl reference electrode, and Pt 
wire counter electrode.    
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Figure 6.8 (cont.).  
 
As observed for 2 and the tetraphosphine Ni(-H)Fe complexes studied in Chapter 3, a 
lack of a basic ligand dictates that 3 must be reduced before protonation by a weak acid. A 
current increase is observed for each one of the isomers of 3 upon increasing amounts of 
CF3CO2H (Figure 6.9). Because the reactivity of 3 with acid is limited to potentials beyond 
reduction of the complex, the emphasis of this study moved away from hydrogen production. 
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Figure 6.9. Cyclic voltammograms of 2 with increasing ammounts of CF3CO2H in MeCN. 
Conditions: 1 mM analyte, 0.1 M [Bu4N]PF6  electrolyte, glassy carbon working electrode, 
Ag/AgCl reference electrode, and Pt wire counter electrode.   
 
The subsequent objective of this chapter was to synthesize [Cp
*
Fe
III
(-pdt)(-
H)Ni
II
(dppe)]
+ 
as a model of the Ni-C state of NiFe-H2ases (Scheme 6.1).
 
   The CV of 2 showed 
little promise for the isolation of a mixed-valence complex; however, the CV of 3 suggested that 
one of the isomers may be stable upon oxidation. The chemical oxidation of [Cp
*
Fe
III
(-pdt)(-
H)Ni
II
(dppe)]BF4
 
by [Fc]BF4 yielded a stable paramagnetic species ([3]BF4), which was 
determined via EPR spectroscopy to have a g value of 2.05 (Figure 6.10). Lack of phosphine 
coupling to the unpaired electron supports a Fe(III)Ni(II) assignment, as was predicted. 
206 
 
 
Figure 6.10. Continuous-wave EPR spectrum of [3]BF4 in THF at 20 °C .  
 
The FTIR spectrum of [3]BF4 displayed one strong signal at CO =   1972 cm
-1
,
 
which is an 
average shift of 71 cm
-1
 from the observed bands of 3. Irradiation of the solution of [3]BF4 with 
ultraviolet light was conducted in an attempt to open a coordination site of the Fe center by loss 
of CO. Irradiation for up to 15 h led to consumption of all the starting [3]BF4 and a color change 
from red to orange. The product was recrystallized by layering a CH2Cl2 solution with pentane to 
yield orange crystals. 
31
P{1H} and 
1
H NMR data of the redissolved crystals revealed the 
formation of the diamagnetic complex [(dppe)Ni(-pdt)Ni(dppe)][BF4]2 which has previously 
been reported (Figure 6.12).
12
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Figure 6.11. FTIR of [3]BF4 in MeCN before photolysis 
 
Figure 6.12. 
1
H NMR spectrum of a solution of [(dppe)Ni(-pdt)Ni(dppe)][BF4]2 in CD2Cl2. 
Insert: 
31
P{1H} of a solution of [(dppe)Ni(-pdt)Ni(dppe)][BF4]2 in CD2Cl2. 
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Since decarbonylation of [3]BF4 was unsuccessful, an alternative alternative route to a 
decarbonylated complexes was sought via use of   L3FeCp
R
 precursors that did not have a CO 
ligand. . The first precursor chosen was [(MeCN)3FeCp
*
]PF6, which was reportedly made by 
photolyzing [(CO)3FeCp
*
]PF6 in MeCN (Scheme 6.3).
11
 Under similar conditions, we attempted 
to synthesize [(MeCN)3FeCp
*
]PF6 by photolyzing an acetonitrile solution of 
[THF(CO)2FeCp
*
]PF6  while continuously degassing with argon. Although the reported purple 
color of [(MeCN)3FeCp
*
]PF6  was observed after 4 hours, the carbonylated complex was not 
fully consumed even after 15 h of photolysis, as evidenced by FTIR analysis. Similar results 
were observed for the analogous cyclopentadienyl derivative, [THF(CO)2FeCp]PF6.   
 
 
Scheme 6.3. Previously reported synthesis of [(MeCN)3FeCp
*
]PF6 (top)
11
 and the corresponding 
attempted synthesis from [THF(CO)2FeCp
*
]PF6 (bottom). 
 
 Although a mixture of starting material and the desired product was present after 
photolysis of [THF(CO)2FeCp
*
]PF6 for 4h, the resulting mixture was subsequently treated with 
Ni(pdt)(dppe) in CH2Cl2. After removing unknown precipitate by filtration, the resulting solution 
209 
 
was diluted with pentane to obtain a brown precipitate. 
1
H NMR data of the precipitate did not 
contain the Cp* resonances, albeit the pdt
2- 
and dppe signals were still present. A single 
resonance was observed in the 
31
P{
1
H} NMR spectrum of a CD2Cl2 solution of the precipitate at 
a chemical shift of 52 ppm (Figure 6.13). FTIR analysis of the brown precipitate revealed a 
characteristic MeCN stretching frequency of CN = 2254 cm
-1
.
 
Due to lack of Cp* in the product 
and the simpler than predicted 
31
P{
1
H}NMR spectrum, it is proposed that this product is an 
oligomer of Ni(pdt)(dppe).  
 
Figure 6.13. 
1
H NMR spectrum of a solution of a proposed oligomer of Ni(pdt)(dppe) in 
CD2Cl2. Insert: 
31
P{
1
H} NMR data collected in CD2Cl2. 
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An alternative approach to the desired NiFe hydride was proposed using 
[(C6H6)FeCp]PF6 as a building block, since the chemistry of these complexes was well 
developed by Austruc and coworkers (Scheme 6.4).
13
 Additionally, the Cp ligand was chosen 
because of the availability of the starting material FeCp2, with the added benefit of lowering the 
electron density at Fe to induce ligation by Ni(pdt)(dppe).  
 
Scheme 6.4. Synthesis of [(C6H6)FeCp]PF6 from reference.
13
  
The treatment of [(C6H6)FeCp]PF6 with Ni(pdt)(dppe) was followed by 
31
P{
1
H} NMR,  
which after 3 h revealed the formation of a single product in 23% yield. After removing the 
solvent in vacuo an ESI-MS analysis showed the presence of the [(dppe)Ni(-pdt)(-
Cl)Ni(dppe)]
+
 ion (Figure 6.14).  
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Figure 6.14. Low-res ESI MS of [(dppe)Ni(-pdt)(-Cl)Ni(dppe)]+ in CH2Cl2 
At no point in the reaction of [(C6H6)FeCp]PF6 and Ni(pdt)(dppe)  was a product other 
than the Ni-dimer (49.72 in CH2Cl2) observed by 
31
P{
1
H} NMR spectrum. No evidence that a 
NiFe complex is ever formed is available. The salt [(dppe)Ni(-pdt)(-Cl)Ni(dppe)]PF6 was 
crystallographically characterized from crystals grown by layering a MeCN solution with Et2O at 
0 °C (Figure 6.15). 
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Figure 6.15. Molecule Structure of [(dppe)Ni(-pdt)(-Cl)Ni(dppe)]PF6 with 50% probability 
thermal ellipsoids. Space group: C 2/c, Ni-Ni distance = 2.8656(5), Ni(1)-Cl distance = 
2.6189(7), Ni(2)-Cl distance = 2.5791(7). 
 
Conclusion 
 Piano-stool complexes [FeCp
R
(MeCN)2CO]
+
 lead to stable NiFe complexes when 
reacted with Ni(II) reagents. The electron-withdrawing carbonyl ligand appears to be necessary 
to allow for ligation of a Ni(dithiolate) to the electron-rich iron. However, because of the lack of 
open coordination sites on the NiFe complexes, the synthesis of Ni
II
(-H)FeIII complexes was 
not possible. Dimeric Ni complexes were the thermodynamic product in disproportionation 
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reactions of [Cp
R
COFe(-pdt)Ni(dppe)]2+, and in all reactions with FeCp reagents lacking 
carbonyl groups.  
Experimental section 
General Considerations.  Unless otherwise stated, reactions were conducted using standard 
Schlenk techniques, and all reagents were purchased from Sigma-Aldrich or Fisher. Unless 
otherwise noted, all solvents were HPLC grade and purified using an alumina filtration system 
(Glass Contour, Irvine, CA), or by distillation after refluxing over drying agents. ESI-MS data 
were acquired using a Waters Micromass Quattro II or ZMD spectrometer with analytes in dilute 
CH2Cl2 solution.  Analytical data were acquired using an Exeter Analytical CE-440 elemental 
analyzer. NMR data were acquired using a Bruker 300, and Varian U500 or VXR500 
spectrometer.  Chemical shifts (in ppm) were referenced to residual solvent peaks (for 
1
H, 
13
C) or 
external 85% H3PO4 (for 
31
P). Solution IR spectra were recorded on a Perkin-Elmer Spectrum 
100 FTIR spectrometer. Crystallographic data were collected using a Siemens SMART 
diffractometer equipped with a Mo Kα source (λ = 0.71073 Å) and an Apex II detector. 
[FeCp
R
(CO)2]I “FpI” was synthesized according to literature procedures for R = H.
14
 
General Procedure for Synthesis of [FeCp
R
(CO)2THF]BF4 (Cp
R
 = Cp*, Cp, Cp
Me
, Cp
CO
2
Me
) 
from reference.
15
  
A 50-mL to 250-mL Schlenk flask was charged with AgBF4 and 5 mL of THF. The resulting 
mixture was treated with FeCp
R
(CO)2I in 10 mL of THF and the flask was covered with 
aluminum foil. The solution was stirred overnight (up to 13 hrs) causing formation of AgI solid. 
The mixture was cooled in an ice bath, and filtered through a pad of Celite (1 in x 0.5 in) while 
washing with cold CH2Cl2 (up to 30 mL). The solvent was removed from the filtrate under 
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vacuum to obtain a bright red greasy solid. The solid was recrystallized by layering a CH2Cl2 
solution with pentane at 0 °C. Yields of crystals are reported for each derivative below. 
[FeCp
*
(CO)2THF]BF4. The above general procedure was followed using FeCp*(CO)2I (2.71 g, 
7.21 mmol) and AgBF4 (1.42 g, 7.21 mmol). Yield: 2.77g (95%). IR (CH2Cl2): CO = 2047, 1996 
cm
-1
.  
[FeCp
Me
(CO)2THF]BF4. The above general procedure was followed using FeCp
Me
(CO)2I (2.89 
g, 9.05 mmol), and AgBF4 (1.64 g, 8.4 mmol). Yield: 1.30 g (41%). IR (CH2Cl2): CO = 2067, 
2018 cm
-1
. 
[FeCp(CO)2THF]BF4. The above general procedure was followed using FeCp(CO)2I (1.6 g, 
5.28 mmol) and AgBF4 (1.03 g, 5.28 mmol). Yield: 4.56 g (86%). IR (CH2Cl2): CO = 2071, 2025 
cm
-1
.  
General Procedure for Synthesis of [FeCp
R
(CO)(MeCN)2]BF4 (Cp
R
 = Cp*, Cp, Cp
Me
, 
Cp
CO
2
Me
)  
A 250-mL Schlenk tube was charged with [FeCp
R
(CO)2THF]BF4 and MeCN. The solution was 
photolyzed using a 365 nm light source, causing a color change from red to purple/red. The 
resulting mixture was filtered via cannula to remove small amounts of solid that formed during 
photolysis. The solvent was removed in vacuo to obtain a microcrystalline solid.  
 [FeCp
*
(CO)(MeCN)2]BF4. The above general procedure was followed using 
[FeCp
Me
(CO)2THF]BF4 (1.49 g, 3.67 mmol) and 80 mL of MeCN. Photolysis for 5 hrs. Yield: 
1.33 g (93%).  IR (CH2Cl2): CO = 1981 cm
-1
; MeCN = 2274, 2256 cm
-1
. 
215 
 
[FeCp
Me
(CO)(MeCN)2]BF4. The above general procedure was followed using 
[FeCp
Me
(CO)2THF]BF4 (0.381 g, 1.09 mmol) and 30 mL of MeCN. Yield: 0.221 g (61%).  IR 
(CH2Cl2): CO = 2008 cm
-1
; MeCN = 2291, 2254 cm
-1
. 
Synthesis of [Cp
Me
COFe(xbsms)Ni]BF4,
 
2. A solution of [FeCp
Me
(CO)(MeCN)2]BF4 (0.221 g, 
0.66 mmol) in 15 mL of CH2Cl2 was treated under argon with Ni(pdt)(dppe) (0.286 g, 0.51 
mmol) and wrapped with aluminum foil. After stirring for 15 h the solution was concentrated to 
~ 5 mL and chromatographed in air. Chromatography was done on silica gel (5 in x 1 in) with 
CH2Cl2 : acetone (1:1) as the eluent. The first band contained the named product, which was 
dried under vacuum and re-extracted in 10 mL of CH2Cl2 and diluted with 30 mL of hexanes to 
obtain a brown precipitate. Yield: 0.1 g, (23%). 
1
H NMR (300 MHz, d2-CH2Cl2, 25 ºC ) δ 7.40 
(m, 2H, Ar), 7.31 (m, 2H, Ar),  4.56 (m, 2H, C5H4), 4.07 (m, 2H, C5H4), 2.00 (s, 2 H, 
Ar(CH2)2S), 1.88 (s, 2 H, Ar(CH2)2S), 1.75 (s, 4 H,SCH2-C), 1.55 (s, 12 H,-CH3), 1.22 (3, 1H, 
CH3C5H4). 
Synthesis of [Cp
*
COFe(-pdt)Ni(dppe)]BF4, 3. A solution of [FeCp
Me
(CO)(MeCN)2]BF4 
(0.198 g, 0.51 mmol) in 10 mL of CH2Cl2 was treated under argon with a solution of 
Ni(pdt)(dppe) (0.286 g, 0.51 mmol) in 10 mL of CH2Cl2. After stirring for 24 h the solution was 
concentrated to ~5 mL and chromatographed in air. Chromatography was done on silica gel (10 
in x 1.5 in) with petroleum ether: CH2Cl2 : MeOH (30:10:1) as the eluent. The second band 
contained the named product, which was dried under vacuum and recrystallized from CH2Cl2 
and hexanes under argon to yield red crystals. Yield: 0.346 (68%). 
1
H NMR (500 MHz, d2-
CH2Cl2): δ 1.40 (s, 15 H, CH3 major isomer), 1.24 (s, 15 H, CH3 minor isomer). 
31
P{1H} NMR   
(202.3 MHz, d2-CH2Cl2): δ 58.64 (s, 2P, major isomer), 43.74 (s, 2P, minor isomer). IR (MeCN): 
νCO : 1918 (s), 1885 (m) cm
-1
 .  
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